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Abstract
PALAEOMAGNETIC STUDIES OF THE ETENDEKA VOLCANICS AND
THE RESULTING IMPLICATIONS FOR THE DURATION OF VOLCANIC
ACTIVITY AND FOR MAGNETIC FIELD EVOLUTION IN THE EARLY
CRETACEOUS.
Sarah Dodd
Imperial College London
There is a long-standing temporal correlation between large igneous provinces and major mass extinction events
in the Geological Record. This is postulated to be due to the emission of large quantities of volcanic gases over
a geologically short period of time causing major climatic perturbations within the Earth system. The Parana´
– Etendeka large igneous province represents one of the few large igneous provinces where post volcanic en-
vironmental effects seem to have been minor. This thesis presents high resolution magnetostratigraphy from
the Etendeka portion of the province accompanied by rock magnetic studies. The new high quality palaeo-
magnetic data identify 16 polarity chrons spanning the main volcanic activity. Following correlation to the
geomagnetic polarity timescale, this suggests that volcanic activity occurred over a period of 4 – 5 Ma. Direc-
tional group analysis was conducted on continuous sections and revealed this volcanism to be non-pulsed. This
extended and sporadic style of volcanism may explain the weak environmental effects of the Parana´ – Etendeka.
Given the high-quality of the palaeomagnetic directions, a study of palaeointensity was also conducted. This
study yielded a series of high-quality estimates of Earth’s magnetic ﬁeld intensity. The early Cretaceous marks
an important change in the Earth’s magnetic ﬁeld from a state of rapid polarity reversals, to one of long-term
stability associated with the onset of the Cretaceous normal superchron at≈ 121 Ma. Following palaeointensity
estimation, numerous checks of data reliability were considered before results were accepted. The data revealed
an overall average virtual dipole moment [VDM] for the study of 2.5 ± 1.0 x 1022 Am2. This value equates to
approximately 30% of the present Earth’s ﬁeld and, when considered alongside existing studies, suggests that
Earth’s ﬁeld strength was low in the time leading up to the Cretaceous normal superchron.
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Chapter 1
Introduction
The motivation behind this work lies predominantly with the proposed link between large igneous province
[LIP] volcanism and mass extinctions, major climate change, and ocean anoxia. To begin, a brief introduction
to both large igneous province volcanism and mass extinctions is presented followed by a discussion of the
proposed mechanisms for correlation and an introduction to the subsequent research presented within this
thesis.
1.1 Large igneous province volcanism
Large igneous provinces [LIPs] [e.g., Cofﬁn and Eldholm, 1992, Cofﬁn and Eldholm, 1993a, Cofﬁn and Eld-
holm, 1993b, Cofﬁn and Eldholm, 1994] are major volcanic events unlike anything we have directly witnessed.
Today we see a prepondarance of much smaller-scale volcanism and volcanism associated with spreading ridges
such as the Mid-Atlantic ridge, but LIPs are distinct from these familiar forms of volcanic activity. The most
recent, and revised, deﬁnition is that of Bryan and Ernst [2008]: “Large Igneous Provinces [LIPs] are magmatic
provinces with areal extents >0.1 Mkm2, igneous volumes >0.1 Mkm3, and maximum lifespans of approxi-
mately 50 Myr, that have intraplate tectonic settings or geochemical afﬁnities, and are characterised by igneous
pulse[s] of short duration [approximately 1-5 Myr], during which a large proportion [>75 %] of the total ig-
neous volume has been emplaced.”
By identifying these very different geological events it becomes possible to compare and contrast the charac-
teristics of individual LIPs, including their composition, architecture, genesis and importantly post-volcanic
effects. Expanding on the initial deﬁnition, these volcanic provinces occupy large areas of Earth’s surface and
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represent, with the exception of mid-ocean ridge basalts [MORBs], the most laterally extensive volcanic fea-
tures on Earth. Given this, the ability to classify volcanic rocks as LIPs relies heavily upon an ability to establish
an original areal extent of>0.1 Mkm2. For younger provinces this is simply the area spanned by the province as
seen today. For older provinces where substantial erosion may have removed large proportions of the province,
and where rifting may have caused the province to become disarticulated and split between continents, this is
considerably harder and often relies heavily upon plate reconstructions [see Bryan and Ferrari, 2013]. Simi-
larly, when considering volume, even that of the younger provinces can prove difﬁcult to estimate because of
the intruded and underplated portions of volcanic provinces, especially in continental regions where sesimic
studies struggle to distinguish the LIP volcanics against the surrounding basement rocks [White and McKenzie,
1989]. Uncertainties in volumes are ampliﬁed in studies of older provinces where erosion has played a greater
role in shaping portions of the province remaining today. The recognition of many of the oldest LIPs relies upon
inferring an original volume great enough for LIP classiﬁcation using the remaining intrusive components, e.g.,
extensive continental dyke swarms like the Mackenzie dyke swarm [Baragar et al., 1996] and these intrusive
portions can also allow interpretations of the centre of the mantle plume e.g., radiating dykes in the Emeishan
LIP [Li et al., 2015]. With more studies concentrating on older volcanics, the number of recognised ancient
LIPs is increasing, however, a small sampling bias towards younger provinces is likely to remain [see Bryan
and Ferrari, 2013].
The wealth of currently identiﬁed LIPs show considerable variability. At present the oldest suggested LIP is the
Mackenzie dyke swarm at 1267 Ma and the youngest proposed LIP is, debatably, the Columbia river basalt at
17 Myrs [Fig 1.1] [Courtillot and Renne, 2003]. Although these provinces are not considered the product of ex-
tension, i.e. they are not MORBs resulting from seaﬂoor spreading regimes, the provinces are often associated
with continental fragmentation. This is believed to occur post volcanism, supported by the occurrence of geo-
graphically split LIPs, such as the Parana´ – Etendeka, which suggest any associated continental fragmentation
occurs post volcanism. A coincidence of these provinces with the locations of postulated hotspots or mantle
plumes rising from the core mantle boundary [CMB] is also observed, for example Deccan volcanism with the
Re´union hotspot and Parana´ – Etendeka volcanism with the Tristan de Cunha hotspot [Richards et al., 1989].
Despite their origin still being a subject of debate in the literature, these provinces are often simply thought of
as the surface expression of these plumes as they reach and impinge upon the Earth’s surface.
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Figure 1.1: The global distribution of identiﬁed continental ﬂood basalt provinces, after Bryan and Ernst, 2008. Abbrevi-
ations: CAMP, Central Atlantic Magmatic Province; HALIP, High Arctic Large Igneous Province; NAIP, North Atlantic
Igneous province.
Given the large volumes of magma erupted during these events, a huge quantity of mantle melt is required
and the source of this has been ﬁercely debated within the literature. Numerous formation mechanisms have
been proposed [see Saunders, 2005] with suggestions including bolide-generated decompression magmatism,
edge-driven convection melting, and mantle-plume melting [e.g., White and McKenzie, 1989, King and An-
derson, 1995, Jones et al., 2002]. Of the suggested mechanisms, plume generated volcanism has long been the
default method, but several inconsistencies in this theory have stimulated an increasing number of challenges.
The recent studies of Burke and Torsvik [2004], Burke et al. [2008] and Torsvik et al. [2006] however, have
somewhat revived the idea of mantle plume generated volcanism.
The basis for these works is the reconstruction of LIPs to their eruption sites, followed by the comparison of
the eruptive sites to large-scale models of mantle tomography. Studies of global shear-wave tomography reveal
two major prominent features, the African and the Paciﬁc large low-shear-velocity provinces [LLSVPs] and
also other smaller low shear velocity provinces [LSVPs]. It was noticed that the sites of LIP eruptions, dating
back over the last 300 Ma, when projected downwards to the core mantle boundary, intersected a fast slow
boundary [FSB] along the margin of one of these low shear velocity provinces [Torsvik et al., 2006, Burke
et al., 2008, Steinberger and Torsvik, 2012] [Fig. 1.2]. Statistical analyses suggest that the high concentration
of LIP sources around the edges of these features is unlikely to be coincidental [Burke et al., 2008].
These margins or ‘edge zones’ became referred to as plume generation zones [PGZs] and the resulting LIP
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volcanism is subsequently attributed to hotter material leaving these edge regions as thermally buoyant plumes
episodically and sporadically [Burke and Torsvik, 2004]. The near vertical projection of LIP locations down
to the fast slow boundary/PGZs were also taken to suggest that the ascent of these mantle plumes from the
CMB to the lithosphere was a rapid process [Burke et al., 2008]. Re-analyses of this spatial correlation has
subsequently been conducted with some suggesting correlation with FSBs cannot be statistically distinguished
from a more general correlation with the low velocity province itself [i.e. Austermann et al., 2014, Davies et al.,
2015]. Davies et al. [2015] propose this correlation, which is more marked for the African LSVP, is a function
of a highly elongate shape that allows almost 75% of the interior to be classiﬁed as falling within this ‘edge
zone’ and therefore support the more general association of LIPs with LSVPs.
Velocity anomaly (%)
-0.96 1.40
LLSVP HVPSVP
Figure 1.2: Global projection of large igneous province [LIP] localities at their time of eruption as compared to mantle
tomography. LIPs are marked by the white ﬁlled symbols and can be seen to occur along the edges of fast slow boundaries
in mantle tomography and the edges of low shear velocity provinces [LSVPs], both of large [African and Paciﬁc], and
small scale features, after Burke et al. [2008].
Large igneous provinces are also commonly thought of as the rapid emplacement of large volumes of volcanic
material over a geologically short period of time when the total extruded volume is considered. Although the
‘start to end’ duration may be longer, it is generally argued that the majority of the volcanic activity, at least for
a number of these provinces, occurred in a pulsed nature over only a few million years [Ernst et al., 2005].
Rampino and Stothers [1988] and Courtillot [1994] were the ﬁrst to propose that a general correlation exists
between these episodes of LIP volcanism and mass extinctions, following Vogt [1972] who highlighted the
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association of the Deccan traps LIP in India with the end-Cretaceous mass extinction. Improvements in estab-
lishing the timing of these events have lead to most LIPs now being associated with either a mass extinction
[ﬁrst or second-order], a major bioclimatic event or ocean anoxia, and/or major changes in the carbon cycle.
Only two LIPs, the Ethiopian traps and the Parana´ – Etendeka LIP, are yet to be linked with one or more of
these events [Courtillot et al., 2000, Courtillot and Renne, 2003, Black et al., 2012, Blackburn et al., 2013].
1.2 Mass extinctions
Events termed ‘mass extinctions’ refer to periods in Earth’s history where the relative rates of extinction are el-
evated across diverse taxa from a range of habitats, importantly both terrestrial and marine, across the globe and
over a geologically brief time period [i.e. approx 1 Myr] [Hallam and Wignall, 1997]. In Earth’s history there
are ﬁve known major mass extinction events; the Late Devonian, Ordovician-Silurian, end-Permian, Triassic-
Jurassic and the Cretaceous-Tertiary [Palaeogene] and these can be identiﬁed as sharp peaks in the Sepkoski
extinction rate-versus-time graphs [Raup and Sepkoski, 1982, Raup and Sepkoski, 1986, Sepkoski, 1996] [Fig.
1.3]. These major events are also accompanied by second-order events where extinction rate was elevated, but
not by enough for a ﬁrst order classiﬁcation.
1.3 Large igneous province volcanism and mass extinctions
The correlation of these LIPs and mass extinctions includes the coincidence of the three largest Mesozoic mass
extinctions; the Cretaceous-Palaeogene, the Triassic-Jurassic and the largest known mass extinction, the end-
Permian event where 96% of species are thought to have become extinct, with the Deccan, Central Atlantic
magmatic province [CAMP] and Siberian traps LIPs respectively [Raup and Sepkoski, 1982, Raup and Sep-
koski, 1986]. The strong correlation between these events supports a causal connection between them, where
collapses of the global biosphere are a direct/indirect result of this large-scale volcanism [Fig. 1.3]. A number,
however, have proposed an alternative cause by asteroid impact [e.g. Alvarez et al., 1980], although this relies
heavily upon the coincidence of the Cretaceous-Tertiary [Palaeogene] extinction with the Chicxulub asteroid
impact, with suggestions that instead the impact was the cause of both the Deccan volcanism and the major
collapse of the biosphere. A statistical approach, taken by White and Saunders [2005] investigated this pro-
posal using the following inputs: a 300 Myr time period, an average rate of randomised crater accumulation
and a total of 12 large igneous provinces (LIPs) over this period. The results suggested that such a coincidence
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would be expected therefore the co-occurence of these events neither proves nor suggests causation and reduces
the likelihood of the volcanism being impact generated. Although alternative causes of mass extinctions are
suggested, increasingly it seems that LIPs are the favoured culprit and so, if we accept the premise of cau-
sation based correlation, a mechanism for the relationship linking cause with effect, must be deﬁned and any
exceptions to the proposed relationship explained. Given the known relationship between explosive volcanic
eruptions in recorded history, volcanic gas release, and climate change in the years to follow [for example
Pinatubo [Bluth et al., 1992]], the likely cause is the major release of volcanically derived gases [CO2, SO2 and
the halogens] causing large-scale climatic shifts to which the existing biota is unable to adapt. This understand-
ing of volatile release and the effects that follow, however, has been derived from volcanism that is not similar
to LIP volcanism when considering both its size and nature.
C      Permian          Triassic                Jurassic                    Cretaceous                    Cenozoic
300                   200              100               0
Millions of years bp 
%
 E
xt
in
ct
io
n 
(G
en
us
 le
ve
l)
60
40
20
0
Em
ei
sh
an
 
Si
be
ria
n 
tr
ap
s 
Ce
nt
ra
l A
tla
nt
ic
 
Ka
ro
o 
Fe
rr
ar
 
Pa
ra
na
 - 
Et
en
de
ka
Ra
jm
ah
al
 
M
ad
ag
as
ca
r 
D
ec
ca
n 
N
or
th
 A
tla
nt
ic
 
Et
hi
op
oa
 a
nd
 Y
em
en
 
Co
lu
m
bi
a 
Ri
ve
r 
Figure 1.3: The time varying levels of extinction at genus level are marked as a black line and large igneous provinces
are represented by vertical banners after Sepkoski [1996]. The red banners mark the positions of those large igneous
provinces which coincide with the three largest Mesozoic mass extinctions, pink banners mark those associated with
lesser extinction events and the grey banners mark large igneous provinces with no associated mass extinction.
Following analyses of Siberian trap volcanism [coincident with the end-Permian mass extinction] a feedback
loop, involving the combined effects of the major volatiles considered as climate forcing, was proposed by
Wignall [2001] and was suggested as a model for all volcanogenic extinctions. This proposed climate forcing
mechanism involves a combination of both short- and long-timescale effects. Short-timescale effects would in-
clude those likely to follow massive sulphur input [acid rain and global cooling resulting in glaciation and falling
sea levels, all of which are known occurences following massive, sudden SO2 input] and those likely to follow
the emission of halogens [acid rain, ozone destruction and skeletal ﬂuorosis] [Wignall, 2001]. Long-timescale
effects would include those likely to follow massive carbon dioxide emissions [global warming resulting in
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stagnation of the oceans, increased weathering and possibly the dissociation of gas hydrates] [Wignall, 2001].
Such climate forcing, ﬁrst to sudden colder climates followed by long term climate warming, is postulated to
have been variation too great and too rapid for life to adapt to, culminating in massive collapse of the global
biosphere. This multiple gas hypothesis is not, however, unchallenged and there is a growing number of those
who believe that only sudden and large-scale stratospheric sulphur injection is required to cause a biological
crisis [Chenet et al., 2005, Self et al., 2006, Self et al., 2008, Ward, 2009]. Others consider that the role of
the halogens is overlooked [Wignall, 2001, Black et al., 2012] and/or that the country rock and subsequent
secondary gas release is key [Ganino and Arndt, 2009].
A common issue raised with any gas release mechanism is its reliance on gas injection into the stratosphere
to ensure global distribution and global effects [Courtillot and Fluteau, 2014]. This stratospheric injection is
common with explosive volcanism, but not in locations of more passive styles of volcanism, unless at high
latitudes. Recent studies investigating the heat release over volcanic ﬂows spanning large areas however, found
that the amount of heat released could induce penetrative convection which would allow the stratospheric in-
jection of volcanic gases, even in the absence of more explosive volcanism [Kaminski et al., 2011]. Alongside
this, convective lofting of gases into the stratosphere has been proposed as a mechanism for stratospheric in-
jection [e.g., Bourassa et al., 2012] and studies based on both observations and modelling have also suggested
that if higher volume eruption rates are attained during such basaltic eruptions then the convective plume could
rise to a height exceeding the tropopause [e.g., Stothers et al., 1986, Woods, 1993, Thordarson and Self, 1996,
Thordarson et al., 1996, Self et al., 2005 and Self et al., 2014].
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Figure 1.4: A diagram illustrating the proposed effects of large igneous province volcanic degassing after Wignall [2001].
Effects/evidence are noted in italics. A number of feedbacks exist for carbon dioxide release.
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In order to understand the role these provinces may have played in major climatic and environmental change
the duration of volcanism, their tempo, and the volatile ﬂux of each province should, ideally, be known. Con-
straints on these parameters are hard to obtain, although rapid progress is being made in several of these areas
[e.g., Chenet et al., 2008, Jay and Widdowson, 2008, Blackburn et al., 2013, Courtillot and Fluteau, 2014, Self
et al., 2014]. Notwithstanding this, a key question emerges: why do some LIPs appear to have been associated
with major environmental change and mass extinctions, whereas others of similar size and apparent duration
appear to have had only limited environmental impact? Accepting the gas release mechanism as the potential
forcing factor for climate change and mass extinctions, a reason must be provided for those enigmatic, non
catastrophic LIPs. When considering a primary1 gas-ﬂux ‘kill mechanism’ two characteristics may prove of
particular importance: the duration and nature of volcanic activity and also the available gas budget. Climate
perturbation mechanisms resulting from major gas release often rely upon a certain ﬂux of input which prevents
‘buffering’ of the effects by feedbacks. When this climate change is also related to global mass extinctions the
gas ﬂux is required to be especially large and rapid, such that the resulting climatic change is so dramatic and
so sudden that the speed of species adaptation is not at a rate capable to allow survival across the event. Given
this, a province showing a protracted duration and without major pulses of volcanism may not be capable of the
sudden and major pertubations required. Similarly, with a lower available gas budget, the resulting ﬂux would
again be less and so may not be high enough to have a major global impact.
OBJECTIVE ONE
The Parana´ – Etendeka and other LIPs associated with no biological upheaval are quite poorly studied
when considering the volume of work that has concentrated on those provinces thought to be the cause of
mass extinction events. It is important, in order to establish any cause and effect links between these two
events, that work is also completed on those LIPs not associated with mass extinctions; it is not enough to
prove association, a reason for lack of association is also required. The aim of this thesis is, therefore, to
address this by investigating the nature of volcanic activity associated with one of these enigmatic LIPs
not associated with a major mass extinction event; could the nature of the volcanic activity have played
a role in restricting the global impact of volcanic activity?
1Secondary gas-ﬂux has also been proposed as a key factor with both the decomposition/ baking of organic rich substrate and the
release of methane hydrates proposed to result in the release of large volumes of secondary gases.
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1.4 Establishing the duration of large igneous province volcanism
Investigations of LIPs which focus on their timing and duration have often relied on the collection of radiomet-
ric absolute ages from a cross section through the province stratigraphy [e.g., Courtillot et al., 1986, Courtillot
et al., 1988]. These ages should provide: [1] stratigraphically correct age relationships, i.e. those taken from
the uppermost stratigraphy give the youngest ages and those taken from the more basal layers of the volcanic
stratigraphy, the oldest ages; [2] an estimate of the lifespan of the province using the oldest and the youngest
ages gained to provide a time period of the provinces ‘active’ life; and [3] insights into the nature of volcanism;
was most of the province erupted during a short period of time or was activity more protracted, i.e. are most of
the ages clustered/within error or are the ages more spread out within a longer time period. Although, in theory
this method provides an ideal way to determine the duration of activity, in practice, the method presents some
difﬁculties.
Many of these difﬁculties fall under the category of those inherent to radiometric dating systems i.e. difﬁculties
regarding the accuracy and precision of the ages gained, the errors on the ages provided and the problems with
interlab comparisons and the use of different standards, all of which make the use of absolute ages considerably
more complex than simply comparing a suite of ages. This is especially so when absolute ages are found not to
obey stratigraphic relationships. It is also not uncommon for a whole series of absolute ages obtained to be later
proved erroneous [e.g., Turner et al., 1994, Stewart et al., 1996]. Given this, the preferred radiometric dating
sytems and techniques used have varied. Amongst the ﬁrst systems used was the K-Ar system [e.g., Amaral
et al., 1967] which was followed by the Ar-Ar system [e.g., Baksi et al., 1991]. Today, the preferred system
is U-Pb given its rapidly increasing precision [e.g., Blackburn et al., 2013]. This technique, however, relies
on the separation of individual zircons, which are uncommon within provinces dominated by ﬁnely crystalline
maﬁc volcanics being more common in silicic volcanism. Given the predominantly maﬁc nature of LIPs many
studies, therefore, still rely on the Ar-Ar step heating methods of analysis. Despite the high precision now
obtained using these methods, given the costs and low success rate, radiometric ages are unlikely to provide
full sampling across the volcanic stratigraphy and so fully resolve the nature of volcanism.
Not all studies have focused on obtaining absolute ages by radiometric dating. Magnetostratigraphy is the tech-
nique for examining stratigraphy based upon measuring the palaeomagnetic directions that are recorded in a
sequence of rocks, assuming that they can successfully record the ﬁeld at their time of formation. This method
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relies on the underlying assumption of geocentric axial dipole [GAD] theory which requires that the time av-
eraged geomagnetic ﬁeld can be approximated as a dipole ﬁeld aligned with the rotation axis [e.g., Hospers,
1953, Creer et al., 1954, Opdyke and Henry, 1969]. At any surface location the direction of the GAD ﬁeld can
be described by both the inclination [angle between the ﬁeld vector and the horizontal: +ve downwards] and the
declination [angle between the horizontal component and the geographic north: +ve to east of true north]. The
Earth’s magnetic ﬁeld, at present, is best approximated by a geocentric dipole that is inclined to the rotational
axis by 11.5◦such that the geographic and geomagnetic poles are non-coincident [McElhinny et al., 1996] [Fig.
1.5a]. The two surface intersections of this best ﬁt dipole axis represent the geomagnetic poles and these differ
from the true magnetic poles where I = -90◦and I = 90◦, because of the non-dipole components of the Earth’s
ﬁeld not represented by this theoretical and purely dipolar ﬁeld.
Earth’s magnetic ﬁeld, however, is not ﬁxed with both the dipole and non-dipole moments varying over a range
of timescales [Jackson et al., 2000]. Over thousands of years to a year, Earth’s ﬁeld drifts and this is known as
‘secular variation’ [e.g., Bloxham and Gubbins, 1985, Jackson et al., 2000]. Over longer timescales, the ﬁeld is
also seen to reverse, with the dipole ﬁeld switching by 180◦on unpredictable timeframes [e.g., Hospers, 1953].
Despite this variability, the geocentric axial dipole hypothesis [GAD] theory states that, if Earth’s magnetic
ﬁeld is averaged over a few thousands of years, it can be approximated as a geocentric axial dipole with its axis
aligned along the axis of rotation [e.g., Hospers, 1953, Opdyke and Henry, 1969, Merrill and McFadden, 2003]
[Fig. 1.5b]. This assumption of a time averaged GAD ﬁeld forms the basis of palaeomagnetic studies and mag-
netostratigraphy because it allows: [1], calculation of palaeolatitude (λ) based upon a measured inclination (I)
[tanI = 2tanλ]; [2] the conversion of any measured magnetic direction to an equivalent pole position assuming
a perfect dipole ﬁeld known as a ‘virtual geomagnetic pole’ [VGP] or palaeomagnetic pole if time averaged
and [3] the prediction of magnetic ﬁeld intensity variation with differing magnetic colatitudes which allows a
global, latitudinally independent, comparison of past ﬁeld intensity.
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Figure 1.5: [a], Redrawn after McElhinny [1973], a plot of the best-ﬁtting inclined dipole in a meridional cross-section.
Geographic poles and the equator are marked in black, geomagnetic poles and the geomagnetic equator are marked in
grey and the true magnetic poles and true magnetic equator are marked in red. [b], A representation of the geocentric axial
dipole ﬁeld [GAD] theory where the spin axis and the dipole axis are aligned, with ﬁeld vectors in white in the northern
hemisphere where the inclination is positive, and black in the southern hemisphere where the inclination is negative.
The reversals of Earth’s ﬁeld, which have now been modelled and represent two end member stable states,
have been catalogued and pinned in time, predominantly using marine magnetic anomalies, i.e. the history of
reversals as recorded in the sea ﬂoor, and this is known as the geomagnetic polarity timescale [GPTS] [e.g.,
McFadden et al., 1991, Cande and Kent, 1995]. Once a magnetostratigraphic section has been pinned to the
GPTS it can then be used to estimate the time spanned by the sampled stratigraphy. Even without an absolute
age to link a section to the GPTS, the average reversal frequency at the approximate time of section formation
can provide an idea of the time spanned.
Volcanic rocks are reliable recorders of Earth’s magnetic ﬁeld and analysis is inexpensive. Magnetostratigraphy
can, therefore, sample the entire LIP stratigraphy and so has the potential to provide a more continuous picture
of volcanic activity than absolute dating techniques, provided the stratigraphy is clear. Resulting palaeomag-
netic directions can also be further analysed to assess the nature of volcanic activity using knowledge of the
time varying characteristics of today’s magnetic ﬁeld and by assuming that this behaviour has not changed [e.g.,
Chenet et al., 2008, Biggin et al., 2011, Suttie et al., 2014]. Secular variation can be used to assess the period of
time between adjacent lava ﬂows if we assume the characteristics of this variation have remained unchanged. If
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two adjacent ﬂows have statistically identical directions then they may have been closely spaced, e.g., the time
between ﬂows was not enough to record any secular variation of Earth’s ﬁeld.
1.4.1 Example: the Deccan large igneous province
Courtillot et al. [1986] used the combined data from palaeomagnetic, palaeontological and geochronological
techniques to place constraints upon the age and duration of Deccan volcanism. Both the palaeontological and
geochronological data placed the onset of volcanism at approximately 66 ± 2 Ma. The palaeomagnetic data
sampled three magnetic chrons, with the majority of sites [80%], recording a reverse polarity state believed
to be Chron 29R [lasting approximately 800 kyrs]. Deccan volcanism was thus thought to have lasted for ap-
proximately 1 Myr [Courtillot et al., 1986] with the 800 kyr resolution of magnetostratigraphy not allowing
any further detail by reversal counting alone. Expanding on this, later studies of Deccan volcanism used the
range of absolute ages to place constraints on duration, with the studies of both Courtillot et al. [1988] and
Duncan and Pyle [1988] using a series of 40Argon - 39Argon ages to constrain the duration of volcanic activity.
Respective age ranges of 66.6 Ma - 68.5 Ma and 65 - 69 Ma resulted in both studies agreeing that volcanism
was short lived, spanning only a few million years. Further analysis of variations in the palaeomagnetic di-
rections recorded by adjacent ﬂows in continuous sections, by Chenet et al. [2008] and Chenet et al. [2009],
helped to further constrain Deccan activity. Large sets of adjacent ﬂows recorded statistically indistinguishable
ﬁeld directions forming directional groups [DGs]. These DGs suggested pulsed volcanism, with the eruption
of packets of ﬂows occurring over short periods of time not long enough to record any secular ﬁeld variation,
and so suggesting high instantaneous ﬂuxes.
The ease of sampling and analysis, accompanied by the high success rate of palaeomagnetic studies strongly
support the use of magnetostratigraphic analyses. LIPs are normally considered as broadly horizontally layered
ﬂood basalts spanning large areas, however, the studies on the Deccan traps illustrated that the Deccan province
showed a complex lobe architecture [Jay and Widdowson, 2008, Jay et al., 2009]. A province where the archi-
tecture and stratigraphy is well established therefore becomes important for any magnetostratigraphic study to
ensure any section relationships are not oversimpliﬁed. Given this framework, the Parana´ – Etendeka LIP was
chosen for study and further discussion of this choice is presented below.
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1.5 Why the Parana´ – Etendeka large igneous province?
The Parana´ – Etendeka [≈ 135 Ma] represents an enigmatic LIP which has, as yet, not been conclusively proven
to correlate with a major global environmental event, despite having a similar size and volume to other LIPs
linked to major biological and environmental upheaval, for example the Deccan traps [Renne et al., 1996b,
Courtillot and Renne, 2003]. The stratigraphy of the Parana´ – Etendeka has been studied in detail by Milner
et al. [1994], Marsh et al. [2001] and Miller et al. [2008] and displays horizontally-layered stratigraphy across
large areas of the main province. This provides a good basis for studies using magnetostratigraphy. A number
of studies have worked towards constraining the volcanic activity and a number of these studies also revealed
a stable primary magnetisation, ideal for a detailed palaeomagnetic study of the province and providing a base
for further sampling [e.g., Creer, 1962]. Alongside this, the state of Earth’s magnetic ﬁeld at ≈ 135 Ma [early
Cretaceous] lends itself to a high resolution time constraint, with the geomagnetic polarity timescale [GPTS]
of Gee and Kent [2007] revealing a high reversal rate [consider Figure 1.6].
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140 Ma
Figure 1.6: The geomagnetic polarity timescale [GPTS] of Gee and Kent [2007] for the timeframe [140 Ma - 130 Ma]
which spans the ≈ 135 Ma age often assigned to Parana´ – Etendeka volcanism [Courtillot and Renne, 2003].
It is known that Earth’s magnetic ﬁeld is time varying with its direction changing both over long timescales i.e.
reversals and excursions, and over shorter timescales i.e. secular variation, however, the strength/intensity of
this ﬁeld also varies. Ancient variations in the geomagnetic ﬁeld intensity [palaeointensity], provide insights
into its generation within the core and the convective processes within the Earth’s mantle which help main-
tain and amplify that ﬁeld. Understanding both its past and future variability is therefore important. Despite
numerous studies aimed at determining palaeointensity through geological time, the quantity of reliable data
collected remains low, hampering studies of long-term ﬁeld variation and the reﬁnement of models incorpo-
rating observational data [McFadden and Merrill, 1995]. The low quantity of available data is a product of
two main limiting factors: [1] the high failure rate of palaeointensity techniques; and [2] the time consuming
nature of the experiments [e.g., 30 samples take approximately three weeks to process with failure rates of the
order of ≈ >50%]. A strong hemisphere bias also exists within the published data set, with the majority of
palaeointensity determinations sourced from the northern hemisphere [Tanaka et al., 1995].
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OBJECTIVE TWO
The Parana´ – Etendeka large igneous province represents a large-scale outpouring of volcanics at ≈135
Ma [Peate, 1997]. The individual ﬂows of this volcanic activity instantaneously record Earth’s magnetic
ﬁeld at their time of cooling. Given the high reversal frequency, obtaining estimates of ﬁeld strength at
this time could help to provide insights into ﬁeld behaviour and generation, while also adding data to the
limited southern hemisphere database [Tanaka et al., 1995]. The aim was, therefore, to obtain a suite of
palaeointensity values from the Etendeka portion of the province.
The early Cretaceous is a time of particular interest for the Earth’s magnetic ﬁeld, because it is thought that
the ﬁeld was weaker for a period of time, termed the ‘Mesozoic dipole low’ [MDL] [e.g Pre´vot et al., 1990],
possibly linked to Earth’s ﬁeld changing from a state deﬁned by relatively rapid reversals, to a state deﬁned
instead by the approximately 40 million year stability of the Cretaceous normal superchron [CNS - Chron 34N]
between 120.6 Ma and 83 Ma [Gee and Kent, 2007]. Estimates of the timescale of the transition from rapid
reversals to a stable superchron vary from only a few million years to much longer timeframes [e.g., Cox, 1968,
Merrill et al., 1998] with the models of Larson and Olson [1991] and Courtillot and Olson [2007] predicting a
link between processes at the core-mantle boundary and reversal frequency. Such variations have been argued
to be associated with changes in mantle heat ﬂow, where periods of high mantle heat ﬂow lead to an agitated,
more-active mantle, and a hyperactive geodynamo with frequent reversals, but low ﬁeld strengths [Biggin et al.,
2012]. If correct, the CNS should display high ﬁeld strengths while the period of rapid reversals leading up to
the CNS should display lower ﬁeld strengths.
Studies of the early Cretaceous, before the onset of the CNS, do not provide a consensus as to the overall ﬁeld
strength at this time [e.g., Perrin and Shcherbakov, 1997, Kosterov et al., 1998, Goguitchaichvili et al., 2002a,
Goguitchaichvili et al., 2002b]. Pick and Tauxe [1993] suggested the low ﬁeld strengths of the MDL persisted
into the CNS, but the more recent studies of Tarduno et al. [2001], Tarduno et al. [2002] and Tauxe and Staudi-
gel [2004] present high ﬁeld values during the CNS. Investigations of the time immediately preceding the CNS,
[e.g., Zhu et al., 2003] found low ﬁeld strengths during the period of rapid reversals. The limited availability
of data, however, hampers our ability to test hypotheses regarding variations in the strength of the Earth’s mag-
netic ﬁeld through time. Further studies are therefore needed to better deﬁne and understand the time varying
33
properties of Earth’s magnetic ﬁeld.
The stable magnetic remanence of Parana´ – Etendeka lavas and the timing of their formation provide a pos-
sible window for a detailed study of Earth’s palaeoﬁeld strength over a conﬁned time period within a period
of high-frequency reversals in the early Cretaceous [e.g., Renne et al., 1996b, Goguitchaichvili et al., 2002a].
A number of palaeointensity studies of this age concentrate on the South American [Parana´] portion of the
province [e.g., Kosterov et al., 1998, Goguitchaichvili et al., 2002a, Goguitchaichvili et al., 2008, Mena et al.,
2011] and their earlier associated intrusive volcanics [e.g., Ruiz et al., 2009], but no palaeointensity studies
have been published from the African [Etendeka] portion of the province. Given the high number of individual
ﬂows within the province, multiple estimations of palaeointensity may be possible, allowing investigation of
ﬁeld strength variability and the determination of reliable data points for the global latitude independent virtual
dipole moment [VDM] database from the southern hemisphere.
1.6 Thesis outline
Below is a concise summary of the material contained within the remaining chapters of this thesis.
Chapter 2: The theory behind palaeomagnetism is introduced, followed by the common techniques used in
studies of magnetostratigraphy. Following this, the Parana´ – Etendeka large igneous province is introduced
including the general background of the province and the exposed stratigraphy. This is followed by a literary
review of existing works aimed at establishing an eruptive timeframe for both the Parana´ and Etendeka portions
of the province. In later chapters the results of these works are integrated with the results of this study to provide
a new timeframe for province activity. The locations of the sections chosen for sampling are also introduced
and the sampling methods used were described.
Chapter 3: Within this chapter, the results of the geochemical analyses are presented. The primary aim of
these analyses was to establish correctly the positions of the individual sections within stratigraphy, even where
correlations were not immediately apparent. A brief comparison is also made between the different methods
of analyses and between new and existing geochemical data on the province. The analyses provide important
insights into correlations and into the individual stratigraphic and ﬁeld relationships.
Chapter 4: The locations of all sections sampled for magnetostratigraphy are detailed. Sections are grouped
according to whether they sample stratigraphy above or below the intra-Etendeka unconformity. Site directions
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and magnetostratigraphic sections are then presented from both above and below the province unconformity.
Rock magnetic data for representative samples from each site are presented to characterise the magnetic re-
manence carriers and assess the reliability of individual sites for providing accurate palaeomagnetic directions.
The reliability of the larger combined sections is also assessed by conducting reversal tests where there are a
number of reversals recorded.
Chapter 5: The successful palaeomagnetic site data from above and below the unconformity is combined to
produce a summary magnetostratigraphy. This is then linked to the geomagnetic polarity timescale [GPTS]
by two means; changes in the ﬁeld state preference and using existing absolute ages. This allows an estimate
of the minimum period of province activity. Cross-Atlantic correlations are then sought and used to conﬁrm
unit polarities where relationships are clear. The cross province correlations are also used to support the long
province duration, although this is limited/hindered by poor correlations of the maﬁc units that comprise the
bulk of the stratigraphy. The implication of this inferred duration for the relationship between large igneous
provinces and mass extinctions is then considered.
Chapter 6: The earlier chapters concentrate on increasing our knowledge and understanding of the Parana´ –
Etendeka large igneous province volcanism. This chapter, however, instead considers what we may be able to
learn about the state of Earth’s magnetic ﬁeld during this time of rapid reversal frequency, by the instantaneous
sampling of this ﬁeld by the individual ﬂows of the Parana´ – Etendeka large igneous province. Further consider-
ation of individual site rock magnetic data and directional data from Chapter 4, alongside a pilot palaeointensity
study, lead to sites being chosen for palaeointensity determination. Flows are chosen from both the upper and
lower stratigraphy and from sites providing both reverse and normal polarities in order to gain the best estimates
of ﬁeld intensity spanning the timeframe sampled by the province. The modiﬁed Thellier-Thellier method, us-
ing an IZZI protocol, is used to successfully determine palaeointensity estimates for several ﬂows. These values
are then converted into latitude independent virtual dipole moments [VDM], in order to compare the values to
other global estimates from this time. These results are then discussed with respect to mantle heat ﬂow and
transitions between periods of mantle hyperactivity [high reversal frequency - early Cretaceous] and periods of
mantle stability [low reversal frequency - Cretaceous Normal Superchron].
Chapter 7: The ﬁnal chapter concludes this thesis and summarises the main results presented.
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Chapter 2
Theory, methods and Parana´ – Etendeka
volcanism
Chapter 2 begins with the theory and methods which form the basis for palaeomagnetism and magnetostratig-
raphy; the techniques upon which much of this thesis relies. A more detailed introduction to Parana´ – Etendeka
large igneous province volcanism follows and includes the location of the province, the stratigraphy and a re-
view of the previous works focused on the timescale of associated activity. The broad localities chosen for
sampling are also introduced.
2.1 Palaeomagnetic theory and techniques
Different materials exhibit different magnetic properties. Both diamagnetic and paramagnetic materials show
an induced magnetisation when exposed to an applied ﬁeld, however, when the applied ﬁeld is removed the
induced magnetisation falls away to zero [Tauxe, 1998]. When studying palaeomagnetism we are only in-
terested in materials that retain magnetisation after the ﬁeld has been removed [Dunlop and Ozdemir, 1997].
These materials are known as ferromagnetic materials [sensu latu]. The permanent magnetisation recorded by
these materials exists due to the presence of unpaired electrons and the long range ordering of the subsequent
spin moments. Most ‘magnetic’ materials are described as either ferromagnetic, antiferromagnetic, canted an-
tiferromagnetic or ferrimagnetic [Fig. 2.1]. The higher the temperature and thermal energy, the greater the
precession of these spin moments about the ﬁeld direction they are recording [Tauxe, 1998]. At and above the
Curie temperature [TC] these moments are no longer aligned and no permanent magnetism can exist.
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Figure 2.1: An illustration showing the different common spin alignments in magnetic remanence and their net magneti-
sation [ﬁlled arrow] as recorded by different types of magnetic material: [a] ferromagnetism, [b] antiferromagnetism, [c]
canted antiferromagnetism and [d] ferrimagnetism.
2.1.1 Natural remanent magnetism
Natural remanent magnetism [NRM] refers to any remanent magnetisation that has been acquired by natural
processes, with a primary remanence referring to a magnetisation acquired at the time of formation. There
are several means by which natural remanent magnetisation is gained: depositional remanent magnetisation
[DRM] acquired by the weak physical alignment of magnetic minerals within sediment that is locked in during
sediment lithiﬁcation; chemical remanent magnetisation [CRM] gained by the growth of new magnetic minerals
[McClelland, 1996] or by the alteration of existing ones [Collinson, 1983]; isothermal remanent magnetisation
[IRM] gained by the sudden application of a strong ﬁeld, e.g., lightning induced IRMs [Jackson, 2007]; viscous
remanent magnetisation [VRM] gained by natural exposure over long timescales to a weak magnetic ﬁeld such
as Earth’s [viscous overprints are a common feature in older natural samples]. For igneous rocks the primary
remanence, and therefore the type of remanence on which this thesis relies, is gained during the cooling of the
ferromagnetic grains below their Curie temperature in the presence of a magnetic ﬁeld. As a ferromagnetic
grain cools, there is a temperature known as the blocking temperature, at which, the time required for any
permanent magnetisation to relax under ambient temperatures exceeds most geological timeframes. For small
grains of magnetite this is described by Ne´el’s theory and when these are subjected to standard geological
conditions this relaxation time [τ ] can exceed Earth’s age [Eq. 2.1] [Ne´el, 1949]. Secondary, partial TRMs are
gained by heating to temperatures lower than the Curie temperature but above ambient.
τ =
1
c
exp[
V HcMs
2kT
] (2.1)
where c = frequency factor, V = grain volume, Hc = grain coercivity 1, Ms = saturation magnetisation, k =
1The coercivity of a grain refers to the opposing magnetic ﬁeld that would be required in order to completely demagnetise a
remanence magnetisation gained by the earlier application of a saturating magnetic ﬁeld
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Boltzmann constant and T = temperature [Kelvin]
2.1.2 Particle size effects
The size of a magnetic mineral has a strong effect on the way that grain records any remanence, with large and
small grains showing different behaviour. The smallest of magnetic particles are affected strongly by thermal
ﬂuctuations and are termed superparamagnetic [SP]. Grains of magnetite within the SP size range are typically
< 25-30 nm in diameter [Dunlop and Ozdemir, 1997]. For slightly larger grains which retain a permanent
magnetisation, the lowest possible energy state is achieved by the whole grain being identically magnetised and
these grains are therefore referred to as single domain [SD]. Grains of this size obey Ne´el’s theory [Ne´el, 1949].
If a grain reaches a size larger than SD it can become energetically favourable for the magnetisation to be split
into uniform domains separated by a domain wall and recording opposing magnetic moments. Grains which are
large enough to separate into domains are referred to as multidomain [MD]. The method by which these MD
grains record a permanent magnetisation is not yet understood and they show more complex behaviour than
can be explained by SD theory [Ne´el, 1949]. Samples where the remanence is dominated by SD grains make
more reliable and trusted recorders of the palaeoﬁeld. The boundary between SD and MD grains is gradational
and depends on a number of factors such as grain size and shape [e.g., Muxworthy and Williams, 2006]. Grains
falling within this region, just above the SD threshold, are commonly termed pseudo-single domain [PSD] and
their domain structure is, as yet, unclear although small vortex structures have been identiﬁed within these
PSD grains with their magnetisation thought to be carried by the vortex core [Muxworthy and Williams, 2006].
Importantly though, PSD grains display remanence behaviour similar to SD grains.
2.1.3 Dominant magnetic mineralogy
Numerous magnetic minerals can be found within natural geological settings, but when concentrating on rocks
of a volcanic origin, certain magnetic minerals are known to dominate including the three major iron oxides;
magnetite [ferrimagnetic], maghemite [oxidised magnetite], hematite [canted anti-ferromagnetic] and these
phases with varying degrees of Titanium substitution [Fig. 2.2].
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Figure 2.2: A ternary diagram illustrating the main iron oxide magnetic minerals and the solid solution series to which
they belong [redrawn from McElhinny [1973]].
Pure magnetite [Fe3O4] has a Curie temperature of 580◦C [Dunlop and Ozdemir, 1997] and forms the iron
end-member of the titanomagnetite solid solution series. These titanomagnetites are the most prevalent igneous
magnetic minerals, especially within basaltic units, and result in most volcanic rocks being classed as good
palaeomagnetic recorders. They have Curie temperatures that are lower than that of pure magnetite and this
can be directly related to the titanium substitution [Dunlop and Ozdemir, 1997] [Fig. 2.3]. Hematite [αFe2O3]
has a Curie temperature of 675 ◦C [O’Reilly, 1984] and forms the iron end-member of the titanohematite
solid solution series. Hematite is less common in volcanic rocks, although it can follow the intense oxidation
of certain igneous rocks. Rocks with a more felsic composition can sometimes contain titanohematite. This
is of particular importance because in some instances it can, where titanium substitution is between x = 0.4
and x = 0.6, display a particular form of remanence which results in any acquired remanence being opposite
to the applied ﬁeld: self reversal [Nagata, 1952, Uyeda, 1958, McClelland and Goss, 1993, Harrison et al.,
2005]. Oxidation results in movement towards the right on the ternary diagram with titanomagnetites becoming
titanomaghemites.
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Figure 2.3: Curie temperatures of the titanomagnetite solid solution series with varying degrees of titanium substitution
[x], redrawn from Nagata [1961].
2.1.4 Common methods in palaeomagnetism
A number of common palaeomagnetic techniques are used in this study. These are outlined below.
Hysteresis plots
Hysteresis and backﬁeld experiments are used to measure certain parameters [the coercive force [Hc], coerciv-
ity of remanence [Hcr], saturation magnetisation [Ms] and remanent saturation [Mrs]] for a given sample. This
information can be used to help classify the domain state of the remanence-carrying minerals [i.e. whether they
are SD, PSD or MD] and also help deﬁne the composition of the magnetic mineralogy; different magnetic min-
erals display different coercivities i.e. magnetite typically shows coercivities of 10’s of mT [O’Reilly, 1984]
and hematite coercivities vary widely but can be 10’s of Teslas [Banerjee, 1971, McElhinny and McFadden,
1999]. Hysteresis curves are measured by the application of a magnetic ﬁeld [B] [Fig. 2.4]. Initial magnetisa-
tion of the sample is produced by the application of a weak ﬁeld, the strength of which is gradually increased.
Under this ﬁeld a sample will show progressively higher ‘in-ﬁeld’ magnetisation until, for any further increase
in ﬁeld strength, no subsequent increase in the measured magnetisation can be seen: the material has reached
its saturation magnetisation. The applied ﬁeld is then reduced, and when this reaches zero any magnetisation
recorded in the sample is a permanent remanence, i.e. a permanent magnetisation produced by the applied
ﬁeld. The applied ﬁeld is then reduced further and the strength of the reverse ﬁeld required to reduce this
in-ﬁeld magnetisation to zero is known as the coercivity [Hc]. The coercivity of remanence is gained by the
backﬁeld curve and this is the ﬁeld required to reduce a saturation remanence to zero post ﬁeld removal [Fig.
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2.4a].
The ratios of these values can then be plotted on a ‘Day’ plot after Day et al. [1977] where the experimentally
deﬁned regions for SD, PSD and MD grains are presented for comparison [Fig. 2.4b]. Dunlop [2002] have
suggested that their modiﬁed criteria may instead be a better comparison and they incorporate mixing curves
between the SD and MD end member grains, and suggest that PSD grains do not exist. There is, however, a
wealth of data to show that PSD behaviour can also be explained by genuine PSD grains and this behaviour
is not solely a function of SD/MD mixing [Muxworthy and Williams, 2006]. The ‘Day’ plot, as intended for
use, is a guide and broad compositional assumptions are required [including the assumption of magnetite], the
earlier plot of Day et al. [1977] was thus used for any domain state comparisons.
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Figure 2.4: [a]. An illustrative hysteresis loop [black] and backﬁeld curve [red] showing the location of the following
paramaters: coercivity [Hc], coercivity of remanence [Hcr], saturation magnetisation [Ms] and remanent saturation [Mrs].
[b], the corresponding ‘Day’ plot following Day et al. [1977] on which hysteresis properties are plotted. Both the original
domain state separations [Day et al., 1977] [black], and those following Dunlop [2002] [red] are shown including the
approximate mixing curves.
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Step-wise demagnetisation
To demagnetise a remanence that would otherwise be stable on geological timeframes we need to apply a set of
external conditions which reduce the relaxation time from geological to laboratory timescales. There are two
methods for doing this: alternating ﬁeld [a.f.] demagnetisation and thermal demagnetisation.
Thermal demagnetisation
Thermal demagnetisation works by increasing the temperature term in Eq. 2.1, which reduces the relaxation
time [τ ] to laboratory timescales. This heating is completed in an oven, inside which the magnetic ﬁeld is
effectively zero (< 50 nT), resulting in random reorientation of the magnetic moments and a subsequent net
magnetisation of zero. Natural samples contain a range of different grains with varying properties. As a result
these grains have different blocking/unblocking temperatures at below/above which any remanence is effec-
tively ‘locked’ in/removed. It is this range of unblocking temperatures that allows us to demagnetise a sample
progressively rather than in a single heating step and so determine the directions recorded by both low and high
temperature partial TRMs (pTRMs) rather than just the sum of all component pTRMs i.e. the NRM. Stepwise
thermal demagnetisation therefore involves the stepwise heating of a sample to progressively higher tempera-
tures in a zero-ﬁeld environment, which removes incremental portions of the original NRM/TRM recorded by
grains with progressively higher unblocking temperatures. If a sample gained its full NRM/TRM during one
cooling episode from its Curie temperature [TC] to ambient temperatures [TAMBIENT] then all of the directions
recorded during stepwise demagnetisation would be consistent and the direction measured by the NRM would
approximate the ﬁnal characteristic remanence direction [Fig. 2.5: NRM1]. If, however, a sample had since
been reheated to a temperature [TOVERPRINT], which was below the sample TC, but above TAMBIENT, then any
grains with blocking/unblocking temperatures below TOVERPRINT would be remagnetised and record the rema-
nence at the time of that reheating event. Only grains with higher unblocking temperatures than TOVERPRINT,
whose remanence is only revealed at higher temperature steps, would then retain the original primary rema-
nence. The original NRM/TRM would therefore be the vector sum of both the overprint and primary remanence
whose directions may only be resolved by stepwise demagnetisation and subsequent isolation of the individual
components [Fig. 2.5: NRM2].
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Figure 2.5: Illustration of a sample natural remanent magenetism [NRM] which can be composed of either single [NRM1]
or multiple [NRM2] components. Where the remanence is multi-component, the NRM is the vector sum of the two
independant directions recorded. Stepwise demagnetisation is therefore crucial in isolating these two components and
understanding the NRM.
Alternating ﬁeld demagnetisation
This method of demagnetisation relies upon the application of an alternating ﬁeld which is then allowed to
decay uniformly back to zero. If the applied ﬁeld exceeds the coercivity of a grain then that grain will be
remagnetised. Natural samples, such as volcanic rocks, contain a range of different grain populations and as a
result, a range of different grain coercivities. The application of an alternating ﬁeld would result in grains with
coercivities less than the strength of that ﬁeld becoming remagnetised with half in one direction and half in the
opposing direction as the applied alternating ﬁeld (a.f.) is slowly decreased in strength. Because the recorded
magnetic remanence could have components in all three of the perpendicular orientations which are needed to
fully describe a given direction, a.f. demagnetisation is done either by: [1] consecutive application of the same
alternating ﬁeld along the three perpendicular orientations [x,y,z] of a sample leading to a net magnetisation of
zero [Fig. 2.6] or [2] using a tumbling demagnetiser where the sample is spun during application of the ﬁeld so
that the new remanence directions are entirely randomised.
Given the range of grain coercivities it is again possible to demagnetise a sample sequentially, thus allowing
the different components to be isolated. In the case of a.f. demagnetisation this is done by the application of, at
ﬁrst, low ﬁeld strengths, followed by progressively higher ﬁelds, where the sample magnetisation is measured
between each subsequent higher ﬁeld application, isolating the remanence recorded by both the low coercivity
and high coercivity grains. The beneﬁts of a.f. demagnetisation over thermal demagnetisation are that: [1]
demagnetisation of a single sample can be relatively quick with, depending on the ﬁeld required for a sample to
be completely demagnetised, between 10-20 samples being demagnetised in a day by hand [this number would
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increase if using an automated instrument such as a 2G Enterprises DC-SQUID Cryogenic magnetometer], and
[2] because the sample is not heated, thermally induced alteration is avoided and data often appears ‘cleaner’.
However, because a.f. demagnetisation relies on the different grain coercivities, any secondary magnetisation
cannot be related to a temperature range which is often useful if the secondary magnetisation is thought to be
the result of thermal overprinting [a pTRM] rather than a viscous overprint.
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Figure 2.6: An illustration showing the nature of the alternating ﬁeld applied to a sample during a.f. demagnetisation.
The blue lines/shaded region represents the application of an intermediate a.f. ﬁeld strength [Bx] under which, grains with
intermediate coercivities below Bx would be remagnetised. The red lines represent a higher applied a.f. ﬁeld strength
and represent complete sample demagnetisation. The inset ﬁgures below illustrate the three perpendicular axes of a
sample [x,y,z], along which the a.f. ﬁeld would need to be applied during static demagnetisation in order to completely
demagnetise a recorded remanence [red arrow]. The three sample orientations are then shown alongside the subsequent
removal of the remanence by application of the maximum applied ﬁeld in the three different orientations.
Thermomagnetic curves
Thermomagnetic curves [Ms[T]] and susceptibility curves [κ[T]] provide means of determining the Curie tem-
perature of a sample because, at this temperature, the magnetic moments are randomised due to the high levels
of thermal excitation and so show no alignment and net sample magnetisation. With different magnetic miner-
als showing different Curie temperatures, this can provide an indication of the magnetic mineralogy.
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2.2 Introduction to Parana´ – Etendeka volcanism
The Parana´ – Etendeka LIP was formed in the early Cretaceous, with a total volume estimated to exceed 1
Mkm3 and an area greater than 1.2 Mkm2 [Peate, 1997]. The province is today split between South America
and Africa but once formed as a single magmatic province prior to the opening of the South Atlantic ocean [Fig.
2.7]. Constraining the exact timing of this separation has been difﬁcult because of its coincidence with the Cre-
taceous normal superchron [CNS] which limits the available data from marine magnetic anomalies [Granot and
Dyment, 2015]. However, rifting is thought to have propogated north, with initial rifting at the southernmost
point thought to have begun at ≈ 135 Ma, equivalent to magnetic anomaly M13 [Channell, 1995].
The age commonly assigned to the volcanic province is ≈ 135 Ma, established by absolute ages gained from
the central volcanic rocks [e.g., Renne et al., 1996b]. It therefore seems likely that the onset of this plume
activity initiated/triggered separation [Granot and Dyment, 2015]. The onset of rifting at the latitude of Parana´
– Etendeka volcanism is, however, not until M4 which has been dated at 126.5 Ma, and thus much later than
the southernmost onset of rifting [e.g., Nurnberg and Muller, 1991]. This may suggest that, despite providing
the trigger, the centre of volcanic activity may not mark the centre of rifting. The assymetric distribution of the
province volcanics, with the majority of the province volume in South America and only <10 % in Africa, may
also support this interpretation with either different volcanic and spreading centres or an assymetric distribution
of volcanism about a combined volcanic and spreading centre [Erlank et al., 1984, Gallagher and Hawkesworth,
1994].
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Figure 2.7: Perspective view including bathymetry from the south showing the current location of Parana´ – Etendeka
exposure, the positions of both the Walvis ridge and Rio Grande Rise, alongside the position of Tristan da Cunha.
The Parana´ – Etendeka can be linked to the present day volcanic island of Tristan da Cunha which sits at a
latitude of 37◦S and is the surface expression of a mantle hotspot representing an anomalously hot region of
Earth’s mantle. Following the plate reconstructions of Torsvik et al. [2012], which place the Parana´ – Etendeka
province at between 30 - 40◦S during formation, and assuming the position of hotspots to be ﬁxed, with only
the continents free to drift, it is likely that the Tristan da Cunha hotspot and the Parana´ – Etendeka volcanic
centres would have been coincident at the time of LIP activity. Two deep sea ridges ‘The Walvis ridge’ and
the ‘Rio Grande ridge’, which join the current location of the Tristan da Cunha hotspot to both locations of the
Parana´ – Etendeka volcanics reinforce this association, and suggest that today’s hotspot may be only the ‘fad-
ing’ remnants of the once more lively plume which, at ≈ 135 Ma, resulted in the extensive Parana´ – Etendeka
LIP [Fig. 2.7].
Comparing continental reconstructions, at 135 Ma, with the current position and orientation of Africa it can be
seen that the continent has, despite showing relative latitudinal stability, undergone an ≈ 45◦rotation [Torsvik
et al., 2012]. Given the chosen method of analyses, any mean palaeomagnetic pole data [assumed to average
out secular variation of Earth’s ﬁeld] obtained from the Etendeka portion of the province should reﬂect this
rotation [i.e. Fig. 2.8].
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Figure 2.8: [a]. Reconstruction at 135Ma showing the location of the Parana´ – Etendeka volcanics, with inset ﬁgure [i]
showing the directions subsequently expected for ﬁelds of normal and reverse polarity within the southern hemisphere.
[b]. Present day location of the Etendeka LIP illustrating the rotation of Africa during opening of the South Atlantic
with inset [i] subsequently indicating the rotated palaeomagnetic directions expected for Etendeka samples of normal and
reverse polarity.
2.3 Environmental effects
Despite its large area and volume, approximately equivalent to the Siberian traps [1-2 Mkm3] and Deccan traps
[2 Mkm3], the province appears to have had no substantial affect on global biota with<10% extinction at genus
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level across the period associated with volcanic activity [Sepkoski, 1996] [Fig. 1.3]. Alongside global extinc-
tion, LIPs have also been correlated with periods of global warming and global marine anoxia/ocean anoxic
events [OAE] [often accompanied by carbon isotope excursions] [Chapter 1]. Erba et al. [2004] proposed that
the Parana´ – Etendeka can be linked to the Valanginian-Weissert OAE manifested by black shales. This link,
however, is questionable due to only tentative relative timing of this event [Wignall, 2001, Courtillot and Renne,
2003]. The ‘Faroni event’ is another short period of ocean anoxia dated at late Hauterivian time with an estab-
lished age of ≈ 127.5 Ma [equivalent to CM4] from ammonite bisotratigraphy, and so also with the potential to
relate to the eruption of the Parana´ – Etendeka province [Jenkyns, 2010]. The event is seen in the black shales of
the Maiolica Formation from central Italy [Cecca et al., 1994], with other proposed analogues in Sicily, the At-
lantic, northern Germany and the Central Paciﬁc pertaining to pelagic basins within the Mediterranean Tethys
[Baudin, 2005]. The timing of the event [127.5 Ma] places it as following LIP volcanism, occurring during
the break-up stage of the South Atlantic. Given the broad timing of the events, Parana´ – Etendeka volcanism
cannot be discounted from possible causes of ocean anoxia however, without knowledge of the relative timing,
volcanic duration and resulting gas ﬂuxes [Courtillot and Renne, 2003], any relationship is hard to assess and
model. Given the laterally limited nature of the anoxia and lack of any major matching crisis in the biosphere,
it is, however, evident that Parana´ – Etendeka volcanism was not the cause of global scale variations on the
scale associated with other LIPs of its size, for example Deccan and Siberian volcanism, and so still represents
an anomaly in the otherwise strong correlation [Courtillot and Renne, 2003].
2.4 A timeframe of extrusion
Studies investigating Parana´ – Etendeka activity have involved both portions of the since rifted province and
both the extrusive [e.g., Ernesto and Pacca, 1988, Renne et al., 1996b, Ernesto et al., 1999] and intrusive [e.g.,
Renne et al., 1996a, Raposo et al., 1998] portions. Considering the extrusive volcanics, there are those studies
which establish the range of absolute ages [e.g., Renne et al., 1992, Ernesto et al., 1999, Pinto et al., 2011],
and those also focusing upon the number of reversals recorded within the stratigraphy [e.g., Ernesto and Pacca,
1988, Renne et al., 1992, Renne et al., 1996b].
The early studies of Creer [1958], Creer [1962] and Creer [1965] on the South American [Parana´] portion,
initiated the series of both radiometric and palaeomagnetic studies that followed. However, problems with
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geochronological studies, principally to do with the techniques employed, resulted in a series of conﬂicting es-
timates. Initial absolute ages were conducted by K-Ar analyses and gave age ranges for emplacement of up to
60 Myrs [Creer, 1965, Amaral et al., 1967, Melﬁ, 1967, Herz, 1977, Cordani et al., 1980, Valencio et al., 1983,
Erlank et al., 1984, Mantovani et al., 1985, Rocha Campos et al., 1988]. Following the later 40Ar/39Ar study of
Baksi et al. [1991] where only a 5 Myr range was noted, Hawkesworth et al. [1992] reviewed this K-Ar data
and, having gained a similar suite of ages to Baksi et al. [1991] [130-135 Ma], concluded that the broad ages
produced by K-Ar analyses were an artefact of both Argon loss and Argon gain. A series of 40Ar/39Ar studies
using laser total fusion followed, [Turner et al., 1994, Stewart et al., 1996, Gibson et al., 2006] and from these a
suggested time frame of emplacement totalling 10-12 Myrs was proposed. In contrast Renne et al. [1992] and
Renne et al. [1996b], using 40Ar/39Ar step heating, proposed a total duraton of <1 Myr following only a small
range of resulting ages.
It was not until Thiede and Vasconcelos [2010] that the conﬂicting age ranges by 40Ar/39Ar analyses were
resolved. Reanalysis of both the oldest and youngest samples measured in Turner et al. [1994] and Stewart
et al. [1996] by 40Ar/39Ar step heating were shown to yield indistinguishable values, with the laser total fusion
method shown to produce misleading results, as was suggested earlier in Kirstein et al. [2001]. The most re-
cent synthesis by Janasi et al. [2011] supports a ≈ 3 Myr timeframe, yet also highlights the small number of
reliable estimates [by 40Ar/39Ar step heating or U-Pb] sampling extrusives [Renne et al., 1992, Renne et al.,
1996b, Ernesto et al., 1999, Thiede and Vasconcelos, 2010, Janasi et al., 2011, Pinto et al., 2011] and overly-
ing/intruding units [Wigand et al., 2004] [Fig. 2.9].
49
55° W     50°W        45°W
20°S
25°S
30°S
131.5 Ma
131.9 Ma
133.6 Ma
134.8 Ma
134.6 Ma
134.2 Ma 134.2 Ma
134.1 Ma
134.6 Ma
134.2 Ma Etendeka
25°S
15°E
134.5 Ma
134.4 Ma
134.6 Ma
134.8 Ma
135.6 Ma
20°S134 Ma
133.7 Ma,
133.8 Ma133.6 Ma
Paraná
Figure 2.9: Diagram after Janasi et al. [2011] indicating the locations of the remaining absolute ages gained by either
40Ar/39Ar step heating or using a U-Pb decay system and also the location of since discredited data. Data from Renne
et al. [1992], Renne et al. [1996b], Ernesto et al. [1999], Thiede and Vasconcelos [2010] and Janasi et al. [2011] are
plotted as red, white edged, symbols. Data from Pinto et al. [2011] are plotted as black ﬁlled symbols. Hollow symbols
represent values for intrusive units from the province and the crosses mark ages gained by since discredited techniques
and highlight the volume of existing ages that are now unuseable. All values, with the exception of the U-Pb ages from
Pinto et al. [2011], were recalculated relative to the Fish Canyon Sanidine standard value of 28.201 Ma after [Kuiper et al.,
2008].
Unlike the early absolute age studies discussed above, data from early palaeomagnetic studies is still consid-
ered robust with these techniques having changed very little, the only real modiﬁcation being to the quantity of
individual orientations obtained per site. All but the ﬁrst of the studies of palaeomagnetic directions from the
Parana´ portion of the province conducted at least some form of rock magnetic tests to characterise the rema-
nence carrying minerals [Creer, 1958, Creer, 1962, Bellieni et al., 1983, Ernesto and Pacca, 1988, Ernesto et al.,
1999]. Both normal and reverse polarity directions were recorded in all studies and Ernesto and Pacca [1988],
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who sampled 20 individual sections, found up to four reversals recorded per section and the rock magnetic data
revealed the main remanence carrier to be either magnetite or low-titanium titanomagnetites. When combined
with the raw directional data which showed clean and stable primary magnetisation for most samples, all evi-
dence suggests the volcanics of the Parana´ to be reliable remanence recorders.
When using these palaeomagnetic studies to constrain the duration of volcanism however, the interpretation of
the available magnetostratigraphy is varied. Renne et al. [1992] suggest short timescales given the frequency of
reversals and that no single section recorded more than four reversals, whereas Milner et al. [1995] suggest that,
considering the relative stratigraphic position of the multiple sections in Ernesto and Pacca [1988], a minimum
of ten polarity intervals were identiﬁable. With no continuous section through the complete volcanic stratig-
raphy and only partial sections requiring correlation, different interpretations can lead to contrasting estimates
of duration depending whether individual sections are correlated or stacked. Only one similar study of the
Etendeka has been published; that of Renne et al. [1996b], presented also in Marsh et al. [2001] and Marsh and
Milner [2007]. A basic magnetostratigraphy was presented for three sections, which were shown to record the
following polarities from the base upwards: Tafelberg [N-R-N], Awahab [N-R-N] and Tafelkop [N-R] [Marsh
et al., 2001] [Fig. 2.10]. This data was argued to support a shorter duration of volcanism [0.6 ± 1.0 Ma] but
the original palaeomagnetic data have not been published.
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Figure 2.10: The three magnetostratigraphic sections of Renne et al. [1996b], Marsh et al. [2001] are presented with
QL [L] marking the stratigraphic position of quartz latites [latites] within each section [the importance of which is noted
later within this chapter when the Etendeka stratigraphy is described]. Abbreviation int = intermediate. A simpliﬁed map
highlighting the geographic locations of these sections within the Etendeka province is also presented.
It is apparent that, although numerous magnetostratigraphic studies have concentrated on the Parana` portion
of the province, limited magnetostratigraphy is available for the Etendeka portion, where larger portions of
stratigraphy can be sampled at a single location and where correlation between fewer, detailed and longer sec-
tions may be more easily established [Fig. 2.11]. The major goal of this thesis was to construct a new detailed
magnetostratigraphy of the Etendeka portion of the province to better constrain the timescales of volcanism in
the Parana´ – Etendeka large igneous province.
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Grootberg quartz latite
a.
b.
Figure 2.11: [a]. Typical exposure of province volcanics in Namibia showing the increased opportunity for lateral
correlation between visibly adjacent sections. [b]. Typical exposure of province volcanics in Brazil in South America
showing the poorer levels of exposure and increased difﬁculty of correlating sections even with small lateral separations
[photo courtesy of Emma Williams of the Natural History Museum, London].
2.5 The Etendeka: structure and stratigraphy
The term ‘Etendeka traps’ is normally used to refer to the extrusive and intrusive volcanic rocks that lie between
the latitudes 22◦S and 17◦10’ S in Namibia [Fig. 2.12]. However, portions of the igneous complex continue
both south towards Cape Town and north into Angola [Reid and Rex, 1994, Marzoli et al., 1999] with large-
scale dyke swarms being the main intrusive feature of the province [e.g., the NNE trending Henties Bay –
Outjo dyke swarm [Trumbull et al., 2004]]. The Etendeka is commonly geographically divided, based on
both compositional and structural characteristics of the stratigraphy: [1] compositionally, the province is split
into northern and southern sections with the rocks exposed in the north being characterised by high-titanium
contents [>2.2 wt%] and those south of 19◦21.6’ S instead being characterised by low-titanium contents [<2.2
wt%] [Ewart et al., 1998a, Ewart et al., 1998b, Marsh et al., 2001]; and [2] structurally the province is split into
inland and coastal sections [Marsh et al., 2001]. Inland sections are characterised by the horizontally bedded
volcanic successions common within LIPs; however, some minor faulting occurs towards the coastal sections
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that are instead characterised by complex listric faults [Marsh et al., 2001] [Fig.2.12]. These complex listric
faults are downthrown to the west with the faulted stratigraphy dipping towards the East by 2◦– 30◦. The divide
between the high and low-Ti domains, is in practice, also transitional rather than clearly deﬁned.
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Figure 2.12: A simpliﬁed map highlighting the main exposure of the African [Etendeka] portion of the Parana´ – Etendeka
large igneous province with the structural and geochemical divisions clearly highlighted. Abbreviation TFK = Tafelkop
basalts.
Discussions of the products of LIP volcanism often concentrate on the extrusive portions of the province as these
are often easier to deﬁne and study. The extrusive rocks of the Etendeka are strongly bimodal in composition
and show a broadly deﬁned gap in the silica values between 53 – 63 wt%, though some small volume intermedi-
ate ﬂows occur within the volcanic stratigraphy [Miller et al., 2008]. The inland domains of the province, with
both high and low-titanium values, are dominated by maﬁc volcanics while the coastal domains, approaching
the continental shelf, show higher proportions of the silicic units which are known collectively as the Etendeka
quartz latites [QL] [>65 wt% SiO2] and latites [L] [<65 wt% SiO2] [Erlank et al., 1984]. There are a variety
of models for the formation of this bi-modal suite of volcanics, in particular for the large volume silicious units
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[Ewart et al., 1998a, Ewart et al., 1998b, Ewart et al., 2004]. These models rely upon varying degrees of crustal
assimilation, partial melting and underplating of the lower crust, and progressive fractional crystallisation ac-
companied by further injections of maﬁc magmas, all attributed to the high temperature anomaly associated
with the Tristan da Cunha mantle plume [Ewart et al., 2004, Miller et al., 2008]. Despite this, no single model
can, as yet, fully explain the silicic volumes, the geochemical signatures, or the compositional heterogeneity
displayed by the complete suite of Parana´ – Etendeka volcanics [Miller et al., 2008]. The rocks which form
the Etendeka volcanic stratigraphy have been reclassiﬁed, regrouped and renamed several times [Milner et al.,
1994, Marsh et al., 2001]. The discussion refers to those classiﬁcations presented within Miller et al. [2008],
whereby the stratigraphy can be split into the Awahab and the Etaka subgroups in the south, with the additional
Khumib Formation and the Skeleton Coast Formation in the northwest.
The Etendeka volcanic stratigraphy is underlain by either Proterozoic basement or the discontinuous sedimen-
tary rocks of the Twyfelfontein formation [Etjo formation], an aeolian sandstone with largescale cross bedding
that is also seen interbedded amongst some of the oldest volcanic stratigraphy of the Etendeka [Miller et al.,
2008]. The majority of the extrusive sequence is composed of three maﬁc ﬂow types named the Tafelberg,
Tafelkop and Khumib basalts although some of the silicic units are amongst the largest recorded silicic ﬂows
in the world [Bryan et al., 2010]. In the northern inland regions the high-titanium Khumib basalts dominate
the strata, with the best exposure seen within the Khumib block in the far north [Fig. 2.12]. These basalts thin
towards the south and a source to the north of the main province is therefore suggested [Marsh et al., 2001].
The coastal regions in the north are dominantly silicic and form the Skeleton coast formation which includes a
number of minor units. The stratigraphy of the Khumib and Skeleton coast, however, is hard to ﬁt into the main
Etendeka stratigraphy; these regions contain a series of minor units which do not extend into the main province,
and also display an interﬁngering relationship with both each other and with the Tafelberg basalts towards the
south that makes it hard to place the exposed sequences, chronologically, within the strata of the main southern
province [Fig. 2.12].
The bulk of the Etendeka volcanic succession [as seen in the southern inland domain] is often divided into
two subgroups: the Etaka subgroup and the Awahab subgroup which form the upper and lower stratigraphic
components respectively. These subgroups are separated by a large-scale erosional surface known as the intra
– Etendeka unconformity or disconformity II [Milner et al., 1994, Jerram et al., 1999, Miller et al., 2008].
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Partially conﬂicting views exist regarding the stratigraphic relationship of the upper and lower portions of
the Etendeka and this unconformity, with Marsh and Milner [2007] suggesting portions of the Awahab and
Etaka were actually emplaced coincidentally rather than representing young and old counterparts. If true,
the magnetostratigraphy of the Awahab and Etaka subgroups should correlate. Part of the evidence presented
in favour of the Awahab and Etaka being emplaced contemporaneously is the magnetostratigraphy for the
Tafelberg and Awahab [Renne et al., 1996b]. This will therefore be addressed in detail after presenting the
results of this study. In this inland southern domain, which encompasses much of the main province south of the
Khumib block and extends south into the Messum region, the Tafelberg [upper] and Tafelkop [lower] basalts
dominate the maﬁc stratigraphy. These basalts have mean SiO2 values of 55 wt% and 48 wt% respectively
[Marsh et al., 2001] and are punctuated by minor basaltic units, latites and quartz latite units of varying thickness
and lateral extent [for an extended list of all of the Etendeka units including the coastal limited groups see Marsh
et al. [2001]].
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Figure 2.13: The ‘type’ sections of the Awahab and Etaka subgroups redrawn from Miller et al. [2008] originally pre-
sented in Milner [1988].
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2.5.1 The Awahab subgroup
The volcanic strata which comprise the Awahab subgroup and the lowest portions of the volcanic straigraphy
include the units found within the Goboboseb mountains, the area surrounding the Messum crater, and the
region extending northwards into the Awahab complex. The subgroup consists of the Tafelkop basalts at the
base of the stratigraphy, the Tafelberg basalts in the upper portions of the subgroup and a series of interbedded
minor basaltic and large volume silicic units including the Goboboseb quartz latites, the Messum mountain
basalts, Kuidas basalt, Copper valley basalt and the Springbok quartz latite which marks the top of the subgroup
[Fig. 2.13]. These units are further described below with the lowermost units presented ﬁrst followed by the
later eruptive units found towards the top of the subgroup. Detailed unit descriptions can be found within Miller
et al. [2008] and the presented type sections of Milner [1988], Miller et al. [2008] have been redrawn and are
presented in Figure 2.13:
• Tafelkop basalts - A sequence of basaltic ﬂows of varying thickness [5 - 30 m] which pinch out towards
the north being replaced by the Tafelberg basalts which also dominate towards the top of the Awahab
stratigraphy [Fig. 2.13]. The uppermost unit of the Tafelkop basalts occurs between the Goboboseb II
and Goboboseb III units near Messum. These basalts are the only units thought to be sourced from the
Doros Gabbroic complex rather than from Messum itself [Fig. 2.12] [Milner, 1988, Milner et al., 1992,
Ewart et al., 1998a, Ewart et al., 1998b, Marsh et al., 2001].
• Goboboseb quartz latites - A series of three voluminous quartz latites [I,II and III] with a combined
thickness of 100 - 150 m and separated by minor basaltic ﬂows in the Messum region. Only ﬂows I and
II extend north into the main province with ﬂow III being localised within Messum [Milner et al., 1994].
The ﬂows tend to decrease in thickness away from the Messum crater and the intervening basaltic units
are not seen towards the northern extents of these units [Milner, 1988].
• Copper valley basalt - A laterally discontinuous basaltic unit reaching a thickness of 170 m which is found
only within a north-south graben in the Goboboseb mountains. Stratigraphically this unit ﬁts between
the Goboboseb I and II ﬂow units [Miller et al., 2008].
• Kuidas basalt - A thin basaltic unit occuring directly below the Goboboseb quartz latite but which shows
poor lateral continuity.
57
• Tafelberg basalt - This sequence of basalts form a major proportion of the Etendeka stratigraphy both in
the Awahab and the Etaka subgroup and the total thickness is thus hard to establish. The basalts have a
broad compositional range with ﬂows generally showing thicknesses of >5 m.
• Messum mountain basalt - A laterally discontinous series of basaltic ﬂows, with a combined thickness
of 130 m, again found only locally within the Messum region, individual ﬂows are hard to distinguish as
ﬂow tops are more poorly developed.
• Springbok quartz latite - A series of three stacked silicic ﬂows which mark the upper units of the Awahab
sequence. These ﬂows show an average thickness of 250 m and are best seen at Trig 26 in the main
province where the three individual cooling units, which sit consecutively one on top of the other, can
be distinguished by the identiﬁcation of three basal ﬂow regions [Miller et al., 2008]. The upper levels
of this quartz latite have been eroded across the province during the formation of the intra-Etendeka
unconformity.
In the region of the Messum crater the units of the Awahab subgroup show measureable dips inwards towards the
centre of the complex/crater; dips increase with proximity and maximum dips approach 70◦but drop off rapidly
to 1-10◦with distance from the crater centre. This regional dip is postulated to be the artefact of regional
collapse/downsag following the voluminous Goboboseb and Springbok quartz latite eruptions sourced from
the Messum crater [Ewart et al., 2002]. These ﬂows are thought to have travelled in excess of 240 km, have
estimated volumes of 2300 km3 and ≤ 6300 km3 respectively [Milner et al., 1995, Ewart et al., 2002], and thus
a combined volume in excess of 8600 km3[Milner et al., 1995]. This makes these some of the largest silicic
eruptions on Earth [Bryan et al., 2010].
2.5.2 The Etaka subgroup
The Etaka subgroup encompasses the upper portions of the Etendeka volcanic stratigraphy which sit on top
of the intra-Etendeka unconformity and were erupted following this period of erosion. A large portion of this
subgroup is comprised of the Tafelberg-type maﬁc units, within which a series of latites and quartz latites are
interbedded. In the non-coastal region the following units interupt the maﬁc stratigraphy [the oldest units are
introduced ﬁrst]: Nil Desperendum, Weˆreldsend quartz latite, Bergsig quartz latite, Grootberg quartz latite and
the Beacon quartz latite which marks the uppermost unit of the Etendeka stratigraphy exposed in the inland
southern domain [Fig. 2.13]. These units are further detailed below with the lowermost unit of the subgroup
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presented ﬁrst, followed by the later eruptive units found towards the top of the subgroup. As with the Awahab
subgroup, extensive unit descriptions can be found within Miller et al. [2008] with the type sections of Milner
[1988] shown in Figure 2.13:
• Tafelberg basalts - As described for the Awahab stratigraphy, these basalts are numerous and form a large
proportion of the Etendeka volcanic sequence. A total estimated thickness of 800 m has been proposed
but this is hard to separate out given the interbedded quartz latites and latites [Miller et al., 2008].
• Nil Desperendum latite - A laterally discontinuous unit which is comprised of several red ﬂows when
seen in the Tafelberg mountain.
• Weˆreldsend quartz latite - A laterally varying quartz latite unit which is at its thickest in the southwest
reaching 140 m in the southern coastal domain. The unit appears as a single ﬂow unit across large
portions of the southern Etendeka; however towards the coast a number of ﬂows with interbedded basalts
can be clearly identiﬁed. The direction of thinning has been taken to suggest a source area offshore to
the southwest [Milner, 1988, Milner et al., 1992]
• Bergsig quartz latite - A poorly developed quartz latite within the inland domain but which, where seen,
is comprised of a number of individual ﬂows. At the coast the Bergsig units are interbedded with basalts
and are more numerous [10 ﬂows].
• Grootberg quartz latite - The major cliff forming quartz latite in the eastern areas of the main province
resulting in vertical cliff faces with pronounced vertical jointing [Fig 2.14]. In many locations this unit
forms the cap of the Etendeka producing spectacularly ﬂat hill tops, particularly in the region of the
Grootberg pass [Fig 2.14]. At the coast, the Grootberg QL consists of multiple ﬂows but in the inland
regions it appears to be only one.
• Beacon quartz latite - The stratigraphically highest QL in the southern domain, this unit has only limited
extent following erosion and is seen only in the far east of the southern inland domain. Again, coastal
outcrops of this unit are better developed, but still show poor exposure.
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a.
b.
Figure 2.14: Images a and b show the ﬂat topped Grootberg quartz latite which forms the cap for much of the main
Etendeka province, displaying prominent columnar jointing.
2.5.3 Quartz latite [QL] distinction and signiﬁcance
The quartz latite rheoignimbrite units all formed as hot, dry, pyroclastic eruptions [Miller et al., 2008], though
they also show features common to rhyolites. These silicic units are not compositionally classed as quartz
latites, falling instead within the dacite, rhyolite and trachydacite ﬁelds, however, to be consistent with the
existing literature on the Etendeka, the term quartz latite has been used. These units can be visually distin-
guished from the predominantly basaltic stratigraphy even at a distance, because they weather proud, and tend
to be the cliff forming units. They also display a number of characteristics which are generally common fea-
tures amongst the quartz latite units of the Etendeka [Milner and Ewart, 1989, Milner et al., 1992] including a
common internal structure with a basal, central and upper zone displaying different key characteristics:
• Basal zone [4 - 5 m]: Pitchstone is common in the lowermost regions of the basal zone, as is a brecciated
region where QL clasts and less frequently basaltic clasts can be seen. These lower zones often display
contorted ﬂow banding which grades into laminar ﬂow banding towards the central ﬂow zone and often
shows distinct closely spaced horizontal jointing in the uppermost portion of this zone.
• Central zone [60 - 70 m]: This is a massive uniform region, often devitriﬁed, displaying crude columnar
jointing. It is generally recrystallised and subsequently structureless.
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• Upper zone [7 - 10 m]: The upper portion is possibly the most characteristic and, in places, broadly
resembles a ﬂow top breccia. It commonly contains pumice blocks in the upper regions. Below this
there is often a region of contorted ﬂow-banding where amygdales are common. This portion can also
contain pitchstone, breccia, and lower down, further contorted ﬂow-banding. The ﬂow-banding is often
more visible on weathered surfaces and can be accompanied by the presence of larger amygdales with
diameters up to 40 cm and some unﬁlled vesicles.
a. b.
c. d.
Figure 2.15: The scale bar is 20 cm. Images show common features of the quartz latites including [a] large-scale
amygdales, [b] closely spaced horizontal jointing, [c] elongated vesicles and [d] contorted ﬂow banding.
Despite displaying these shared characteristics, it must also be noted that there are lateral variations in the
appearance of these quartz latites where consecutive cooling units lie directly on top of each other. This is
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best documented for the Springbok quartz latite. At Trig 26 the Springbok comprises three distinct ﬂow units
which have an average total thickness of 250 m. In other locations, generally those closer to the ﬂow source
[Messum], the clear ﬂow boundaries seen at Trig 26 can no longer be identiﬁed [Miller et al., 2008]. Here, the
contacts between ﬂows have been destroyed completely by intense welding and recrystallisation which would
be expected to be more proliﬁc closer to the source where ﬂow temperatures would be >1000◦C [Miller et al.,
2008]. In these areas the three ﬂows appear as though a single unit with a single, thicker, central region. The
individual ﬂows of the quartz latites are therefore not always clearly deﬁned. The quartz latite units of the Etaka
subgroup can also appear differently closer to the coast with many showing a considerably higher number of
individual ﬂows when compared to the central regions.
Given the distinct appearance of the quartz latites they are often used as stratigraphic marker beds within the
Etendeka stratigraphy [Milner et al., 1992]. Despite being recognizable as silicic units however, visually differ-
entiating between the many individual quartz latites within the province, without knowing the relative position
within the stratigraphy is difﬁcult. Previous geochemical studies of the province by Marsh et al. [2001] have
revealed that major element geochemical analysis can provide a means of separating these units, with the plot
of iron against titanium showing the clearest differentiation between the major quartz latite units which di-
vide the province stratigraphy [Fig.2.16a]. The basaltic units can also be separated geochemically, though
these divisions are less clear and show greater overlap. This is especially clear when considering the Tafelberg
basalts which have a broad geochemical range; for example SiO2 values vary between 49–57 wt% and MgO
values between 2.9–8.0 wt% but extend up to 23.5 wt% in the far south. Nevertheless, discrimination of these
units can be seen on a plot of magnesium number [Mg#] against Zr/Y [Fig.2.16b] following Miller et al. [2008].
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Figure 2.16: [a] A graph plotting iron against titanium content for the silicic units of the Etendeka, based upon the
replotted geochemical data of Marsh et al. [2001] and used to geochemically differentiate between the four major quartz
latites [Grootberg, Weˆreldsend, Springbok and the Goboboseb] exposed in the low-titanium inland domain. [b] A graph
plotting, for the maﬁc units, magnesium number [Mg#] [where Mg# [Mg# = 100* MgO/[MgO + FeO]]] against Zr/Y,
based upon the geochemical data of Marsh et al. [2001] with the regions for the Tafelberg, Tafelkop and Khumib [dark
shaded boxes] marked, alongside some of the more minor basaltic units [Kuidas, Esmerelda and the Albin] [light boxes -
dashed line].
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2.5.4 Linking the Parana´ and Etendeka stratigraphies
Many of the quartz latite and basaltic units of the Etendeka have been shown to have compositional/stratigraphic
equivalents in the Parana´ portion of the province [Milner et al., 1995]. Indeed, the major unconformity which
divides the Awahab and Etaka subgroups of the Etendeka also has a South American counterpart. Such cor-
relations will allow the comparison of magnetostratigraphic sections or, at the very least, the comparison of
the palaeomagnetic directions from individual units, across the Atlantic. The Tafelberg basalts, which form
a major proportion of the volcanic stratigraphy can be correlated with the Gramado basalts, and many of the
quartz latites have been compositionally correlated with individual units of the Palmas acid volcanics [PAV]
[Bellieni et al., 1986, Whittingham, 1991], with the relationships summarised in Milner et al. [1995]. Further
discussion of these cross Atlantic links will be incorporated in the later chapters when a comparison of the new
and existing results from the Parana´ – Etendeka will be made, however, the broad geochemical correlations are
shown below [Table. 2.1].
Table 2.1: Cross Atlantic correlation of the silicic units
UNIT Etendeka UNIT Parana´
Beacon Unit G [PAV]
Grootberg Unit E/F [PAV]
Weˆreldsend BRA-21
Springbok Unit B? [PAV]
Goboboseb Unit A [PAV]
2.6 Section localities
Due to the intrinsic problems with correlating the heavily faulted sections in the coastal regions in the absence
of large volumes of geochemical data, the complex coastal areas were avoided, meaning that all of the sam-
pled sections in this study lie within the inland structural domain. Sampling was also conﬁned to the better
understood southern domain where the stratigraphic relationships are better studied. This means the northern
Khumib and Skeleton coast formations were avoided, where many minor, laterally discontinuous units occur
and lateral relationships with the southern domain are predominantly interﬁngering. Such relationships make
establishing the relative stratigraphic position of these sequences, within the main stratigraphy, harder [Fig.
2.12].
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Given available geological maps, the sites of previous sampling and an initial sampling trip to check accessibil-
ity, the following broad localities were chosen for sampling with the aim of sampling the full stratigraphy of the
Etendeka southern domain [Fig. 2.17]. The northern localities at Grootberg and Bergsig were chosen to sample
the upper stratigraphy of the Etaka subgroup. The two localities in Messum were chosen in order to sample
continuous sections through the lowermost stratigraphy, i.e. the Awahab subgroup. The locality at Fonteine
was chosen due to its proximity to the intra-Etendeka unconformity. It includes the upper portions of the lower
Awahab stratigraphy which are harder to sample continuously due to accessibility in the Messum region. The
remaining localities were chosen speciﬁcally to sample certain units poorly sampled elsewhere. Further, de-
tailed sampling locations are presented in Chapter 3 and Chapter 4 where the results of the geochemical and
palaeomagnetic sampling are presented.
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Figure 2.17: Overview geological maps showing the sections chosen for sampling in the area of the main province [a]
and in Messum [b]. Panel a shows the localised geology and sampled sections/sites within the main province. The map
has been modiﬁed from the maps of Milner et al. [1992] and Miller et al. [2008]. Panel b shows the localised geology
and sampled sections in the southern Messum region. The geology is based on that published in Miller et al. [2008] and a
simpliﬁed topography has been overlain.
2.7 Fieldwork
Sampling for both magnetostratigraphy and palaeointensity was conducted over four ﬁeld seasons [two more
than originally intended due to problems with palaeomagnetic sampling equipment]. These ﬁeld seasons took
place in March 2012, March 2013, October 2013 and March 2014 resulting in a total of just over 12 weeks/3-4
months spent in the ﬁeld areas.
When sampling, individual lava ﬂows were identiﬁed and recorded using a variety of ﬁeld based observations
which were not all visible at every locality. The critieria used included: sharp changes in appearance, the
presence of rubbly ﬂow tops, the concentration of amygdales and vesicles towards the top of a ﬂow unit,
changes in the characteristics of jointing (towards the top of a ﬂow, jointing can become ﬁner, less ordered and
can fan out due to the faster cooling rates) and the presence of a palaeosol between ﬂows, though this was rarely
seen in the ﬁeld. Where boundaries were not visible, breaks in slope were often used to delimit ﬂow units. A
ﬁne sampling interval was used throughout in case of welded ﬂows which may not have been easily identiﬁable
in the ﬁeld.
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Chapter 3
Geochemical constraints
The results of this chapter were used to support the relationships between stratigraphic sections in: Dodd, S.C.,
Mac Niocaill, C., and Muxworthy., A.R., 2015. Long duration [>4Ma] and steady state volcanic-activity in the
early Cretaceous Parana´- Etendeka Large Igneous Province: new palaeomagnetic data from Namibia. Earth
and Planetary Science Letters., 414, 16-29, DOI: 10.1016/j.epsl.2015.01.009
3.1 Overview
The primary goal of this thesis is that, by producing a magnetostratigraphy for the Etendeka volcanic province,
a minimum duration of volcanism and the nature of this volcanic activity may be established. Palaeomag-
netic studies of the Parana´ portion of the province have been inhibited by problems in correlating numerous
short sections with different proposed inter-section correlations leading to very different estimates of the erup-
tive time-scale. This study aims to sample fewer, but more complete, sections from the Etendeka portion of
the province to help avoid the need to correlate numerous individual sections. Despite this, no single section
through the complete Etendeka stratigraphy exists and so it remains important to ensure correct inter-section
correlations, especially given the >100 km of lateral separation possible across the Etendeka. In Chapter 2 the
quartz latite units were introduced and these can provide marker beds within the stratigraphy and are likely to
be the units most useful when correlating individual sequences. These silicic units are easily distinguishable
from the predominantly basaltic portions of the stratigraphy, because they weather proud and tend to show
characteristic ﬂow banding, contain pitchstone, and prove difﬁcult to drill. Despite being easily recognizable as
silicic units, visually differentiating between the individually named Etendeka quartz latites without knowing
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their relative stratigraphic position is near impossible [Chapter 2].
When considering sections with small [300 m] lateral separations within the main province area, it is generally
sufﬁcient to base correlations predominantly on spot heights, as the ﬂows in this main province area can be
considered horizontal over short lateral distances. When considering larger lateral separations however, a dip
of even a few degrees would affect the absolute altitude of a given unit between sections. For example the 35
km separation between the Grootberg and Bergsig sections, if beds were dipping at only 1◦, would lead to 610
m of vertical height displacement between the sections. Similarly, in the area around the Messum crater, even
closely spaced sections with 300 m separation, if correlated solely by spot heights, would provide incorrect cor-
relations because of the steeply dipping nature of units in close proximity to the Messum crater outlined within
Chapter 2. It follows, that correlations based solely on GPS altitude measurements would be unlikely to be
correct. A combination of existing maps, altitude data, and careful ﬁeld observations are likely to be sufﬁcient
for correlations in the areas of minimal complexity and even in some regions where beds are dipping at high
angles, however, in areas where the stratigraphy becomes unclear and where multiple quartz latites can be seen
within a small area, any correlations may require corroboration. Geochemical analyses where therefore carried
out on a selected suite of samples to help identify individual quartz latite horizons within the stratigraphy.
3.2 Geochemical analyses
A number of techniques exist for geochemical analyses, with variations in both the measurement techniques
and in the preparation of samples for measurement. Published geochemical studies of the Etendeka [e.g., Marsh
et al., 2001] were predominantly carried out using x-ray ﬂuoresence spectrometry [XRF] for both the major and
trace element analyses. Recent studies tend to use inductively coupled atomic emission spectroscopy [ICP -
AES] although XRF is often used to compare more subtly different rock suites [Ramsey et al., 1995]. The
majority of the geochemical analyses were carried out using ICP-AES, as the facilities were readily available,
but XRF analyses were also carried out at the Open University.
Chapter 2 introduced the geochemical studies of Marsh et al. [2001] whereby the indvidual quartz latite units
were shown to occupy different areas of iron versus titanium plots and the major basaltic compositions shown
to occupy different areas of a plot showing Mg# against Zr/Y, though these regions are less well deﬁned, with
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blurred boundaries and overlapping regions [Fig. 2.16]. The ICP-AES measurements were completed inhouse
by the author and Emma Williams–Humphreys in the ICP-AES laboratories at the Natural History Museum
[NHM] of London and so a detailed methodology documenting the method and technique of ICP-AES analysis
follows.
3.3 Inductively coupled plasma – atomic emission spectroscopy [ICP-AES]
Atomic emission spectroscopy [AES] is based upon the principle that when elemental electrons fall from high
energies to lower energy states they relax and emit characteristic light emission spectra which can be resolved
into component wavelengths and used in determining selected elements and their relative quantities. Before
analysis, initial energy must therefore be input to the system in order to raise the energy levels of the con-
stituent electrons. This can be done by a number of different techniques but one of the commonly used methods
is that known as the inductively coupled plasma – atomic emission spectroscopy [ICP-AES] technique. As is
suggested by the name, here, a plasma is used as the excitiation source for an atomic emission. In the case of
ICP-AES this plasma has been created by means of radio frequency coils. These coils induce an alternating
electromagnetic ﬁeld within a ﬂowing argon stream which, when an initial spark is introduced, causes ioniza-
tion resulting in ions and electrons which then interact with the ﬁeld and sustain the plasma by ohmic heating.
Samples are injected into this argon plasma in the form of a nebulized or vaporised spray in order to be ener-
gised by the plasma allowing for measurement. Samples must therefore be prepared in solution in order to be
measured.
For this work, the fusion decomposition technique was used over microwave or open acid digestion to obtain
a sample solution because it is a suitable method for determining silica, is the fastest of the available methods,
and is not sensitive to the different mineral nature of the samples [Totland et al., 1992]. Fusion decomposi-
tion involves fusing a known quantity of the sample [by weight] with a known quantity of lithium metaborate
[LiBO2] ﬂux [by weight]. This lowers the melting point of the rock, fuses the sample with the ﬂux and so al-
lows it to be readily dissolved within an acidic solution [Ingamells, 1966, Ingamells, 1970, Delijska et al., 1988].
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3.3.1 Methodology
Initital sample preparation
The samples for bulk rock major element geochemical analyses were ﬁrst crushed to a ﬁne powder. This
was done by hand in an agate pestle and mortar. Between samples the pestle and mortar were cleaned with
isopropanol. A small fragment of the next sample was then prepared to ensure the pestle and mortar were
positively ‘contaminated’ and to eliminate cross contamination between individual samples. Following this,
the samples were dried in an oven at 105◦C for a minimum of 2 hours to remove any water not bound within
the rock’s mineral structures. The samples were then kept in a dessicator until they were further processed to
ensure that there was no water addition prior to the samples being weighed out for fusing.
Sample fusion
The process of fusing a sample with the ﬂux and creating the sample solution requires three consecutive days
with one further day required for cleaning. Given the limit of 12 platinum/gold alloy crucibles available for
use at the NHM it was only possible to fuse 11/12 samples at a time, allowing for one control sample per run.
Multiple sets of fusion runs were completed in order to characterise all of the powders chosen for geochemical
analyses. To avoid contamination from previous fusions the platinum/gold alloy crucilbles were cleaned using
the lithium metaborate ﬂux. This early cleaning stage involves completing the fusion method itself without
any sample i.e. only using the lithium metaborate ﬂux which would react with any previous sample contam-
inant remaining in the crucible. These crucibles were then left overnight containing 10% nitric acid [HNO3]
before being emptied, rinsed with deionised water, and dried in the ﬂame of an oxidising Meker burner. The
beakers in which the solutions are made up in were then cleaned with 50% hydrochloric acid [HCl] prior to use.
For each sample chosen for analysis, 0.1 g ± 0.002 g was weighed into a crucible with 0.3 g ± 0.002 g of
the lithium metaborate ﬂux [1:3 ratio e.g., Ramsey et al. [1995]] and the exact weight of each recorded. One
crucible was left containing the ﬂux, but no specimen, as a measure of contamination during measurement.
The ﬂux and the powder were then melted in the crucible over a Meker burner at a temperature of between
900 ◦C and 1000 ◦C. Once melted and combined the melt was left over the heat for 20 minutes in order to
homogenise and ensure complete melting of the powdered rock sample. The homogeneous melt beads were
quenched onto the side of the crucible using deionised water. Once cooled, the glass beads were poured into a
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beaker of 100 ml 10% HNO3. A small quantity of this liquid was then poured back into the crucible and left
overnight to ‘collect’/leach any sample remaining within the crucible. The beaker itself, containing the bead
and the majority of the solution, was then covered and placed on a variomag poly magnetic stirrer. Magnetic
beads placed within the beaker overnight then agitated the solution helping the bead to completely dissolve.
The following day the solution within the crucible was then emptied back into the main beaker of solution and
the crucible rinsed into the beaker with deionised water. In order to further ensure all of the sample was leached
from the crucible it was then roasted in the ﬂame of a Meker burner at 900◦C - 1000◦C for 15-20 minutes.
Following this, 1 ml of concentrated [36 %] HCL was added to the crucible and these were then heated on a
sand covered hot plate to leach any ﬁnal remaining sample at around 50 - 100◦C for 20 minutes. This was
poured into the main beaker of solution and rinsed with deionised water. The solutions were then made up to
250 ml quantities within a conical ﬂask by the further addition of deionised water. The solution was mixed
thoroughly before 50 ml was poured into a sample container ready for analysis [note the sample container was
ﬁrst rinsed with the solution to ensure no contamination in this way]. It is important to note that in this method
the exact quantities of the ﬂux, the sample, the acids and the deionised water are known.
Data collection
A single measurement requires 10 ml of the sample solution and this was measured using a pipette for transfer
of the desired quantity of the solution into the measuring containers which were then placed in the sample
holder ready for measurement. A further sample of each was run alongside the undiluted sample, measured out
at 50% dilution [i.e. 5 ml sample solution and 5 ml deionised water]. Reference materials were run alongside
the specimens to provide the reference data needed to calibrate for the major element quantities of each speci-
men. To best establish the sample concentrations an appropriate set of standards needs to be used. This requires
some previous compositional knowledge of the sampled units to ensure that standards which fully cover the
expected range of all major elements within the samples for measurement were chosen and used. The reason
for this is that if an unknown sample has a certain major element concentration far outside the range covered by
the standards, then extrapolation must be used to determine the concentration rather than interpolation within
the existing reference data set, which subsequently leads to a lower quality concentration estimate for the ele-
ment in question. The previous geochemical analyses of Marsh et al. [2001] allowed appropriate standards to
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be chosen. However, alongside this, each sample was run twice, once at its full concentration and then again
as a two times dilution. This was used to both check for consistency and to ensure that, if an element returned
a concentration outside of the range of the standards, then the diluted sample would hopefully provide an in
range concentration and could be used instead. The location of all samples within the holder was then input
and the analyses run with an automatic sample injection and rinsing system between samples.
Once the sample has been injected, and excited, the light emitted can be split into its separate wavelengths
and enter the optical chamber. The intensity of these emissions are measured using an array of semiconductor
photodetectors [e.g., charge coupled devices CCDs]. Different portions of the CCD array measure the different
elemental emissions allowing all wavelength emissions, and subsequently all elements, to be analyzed simulta-
neously. Figure 3.1 is a step by step guide to the methodology outlined above.
Data processing
Following measurement, the data collected was then processed using the program “iTeva” at the Natural History
Museum. For both the measured samples and the standards [in order to check the calibration] every given
wavelength for an element was ﬁrst analysed to ensure that the correct portions of the semiconductor array
were being chosen for the sample concentration and the background concentration; where the bulk of the atomic
emissions for a certain element hit the detector is important, as it may not be the center of the pre-designated
portion of the array for that elemental wavelength [Fig. 3.2]. The background may also be important because
interferences from other elements, with wavelengths close to the element in question, can mask the signal.
This would raise the background above its ‘true’ value on one side of the main peak such that the background
concentration is only accurate on the other.
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Figure 3.2 illustrates the selection process for both the central peak and the background of two example curves
with the array split into portions which can be considered as pixels. The black curve shows a normal peak
concentration with a background which falls to the same level on both sides of the peak, the grey shaded
regions show the portion that would be selected for the peak concentration [P] and for the background [B].
For this curve only the central pixel would be selected for the main peak but both sides of the peak would be
able to provide background levels. The red curve is asymmetric with a background much higher on the right
side of Figure 3.2; the red shaded regions show the portions of the array that would be selected for the peak
concentration [P] and for the background [B]. For this curve two pixels would be chosen to represent the peak
as it is spread evenly across two divisions, for the background only the left hand side would be selected due to
the interference on the background seen on the right.
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Figure 3.2: Illustration of CCD pixel selection during wavelength analysis for two example curves. P marks pixel
selection for peak and B marks pixel selection for background, see text for further discussion.
Multiple wavelength emissions exist for each element. From these, the ‘best’ wavelength is chosen to provide
the ﬁnal concentration for that element within the measured samples. When picking this wavelength a number
of factors must be considered: [1] the measured intensity i.e. the wavelength showing the highest intensities
should be picked, [2] the background levels i.e. a wavelength with a constant background level either side of
the peak should be chosen, and [3] the wavelength itself is important, i.e. the chosen wavelength should not be
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close to one representing another element which may be abundant in the sample and which could cause interfer-
ence to the measured background. This could be noticed by the wavelength showing asymetrical background
levels due to interference with a nearby wavelength. Once a wavelength for each element has been chosen, the
intensities can be analysed and related to absolute concentrations of the given element.
3.4 Geochemical analyses
Only a small subset of the total sites to be sampled for palaeomagnetic analyses were chosen for geochemical
analyses. The presentation and discussion of these results is in two parts. Firstly, a general discussion of all
results from the ICP-AES analyses is provided, followed by more detailed analysis of the silicic units that were
chosen for sampling due to their importance for correlation between stratigraphic sections.
A total of 44 samples from 44 sites were crushed/powdered, prepared and analysed using the ICP-AES tech-
nique, in two distinct sample runs with 17 samples were from silicic units [Na29 was run twice i.e. in each
sample run] and 28 from maﬁc units. As noted in the methods, blank samples were included in both of the ICP-
AES runs to check for contamination. For the ﬁrst run the blanks returned no values and so any contamination
present was below the limit of quantiﬁcation [LOQ] [Appendix A]. The second sample run returned values
above the LOQ for calcium, iron and silica. These values were equal to ≤ 1%, ≤ 0.1% and ≤ 0.1% repectively
of the lowest values obtained for these elements in the samples and would therefore have no subsequent effect
on the resulting geochemical compositions. Standard checks were also performed for each sample run to de-
termine the percent deviation from the major element reference values. First, only the major elements will be
compared; those trace elements that exceeded the LOQ and were measured will be compared when they are
discussed later. For the ﬁrst sample run, comparing the reference values for the standard to the measured values
showed that 80% deviated from the reference value by ≤5%, and 15% showed deviation of ≤10% [Appendix
A]. MnO showed 11% deviation from the standard value for one of the reference samples. Given that MnO is
not important for quartz latite or basalt classiﬁcation, this sample run was not discarded but do note that MnO
values may show some deviation from their true values. The values for the second sample run were similar with
85% deviating from the reference value by ≤5% and the ﬁnal 15% showing deviation of ≤10% [Appendix A].
The raw data from all 44 sites sampled for ICP-AES are tabulated in Appendix A. In all further discussions and
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graphs, the values used have been normalised to 100% assuming zero volatiles and with all iron presented as
FeO, to be consistent with the earlier studies of Marsh et al. [2001] to which the new data will be compared.
No errors were presented in the study of Marsh et al. [2001], however, here error bars based upon the limits
of quantiﬁcation are plotted unless otherwise deﬁned, taking the maximum value i.e., the biggest LOQ of the
two different sample runs. The results are ﬁrst presented within a Total Alkali Silica diagram after Le Maitre
[1976] [Fig. 3.3]. This clearly highlights the distinctly bimodal composition of the province with the 7-8 wt%
silica gap noted in previous studies [e.g., Marsh et al. [2001]] clearly deﬁned by the new data.
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Figure 3.3: Total Alkali Silica after Le Maitre [1976]. The data plotted was normalised to 100% no volatiles as in Marsh
et al. [2001] and all further graphs presented.
The titanium content of the volcanic units provides the basis of the major chemical domain divide between the
northernmost areas of the province and the southern domain noted in Chapter 2 [Fig 2.12]. With all chosen sec-
tions falling within the southern domain, titanium contents are expected to fall within the deﬁned low-titanium
range [<2 wt%]. Measured samples revealed a maxiumum titanium content of 1.8 wt% and an average of 1.3
wt% which is consistent with the expected range of values for the southern low-titanium domain.
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Within the Etendeka there are three major basaltic types, the Tafelberg, Tafelkop and Khumib which were
introduced in Chapter 2 and are broadly distinguished in the plot of magnesium number [Mg#][Mg# = 100*
MgO/[MgO + FeO]] against Zr/Y, though signiﬁcant overlap of these basaltic regions exists, especially when
including the more minor basaltic units within the province. The trace elements zirconium and ytrium were also
measured during ICP-AES analyses, falling above the LOQ during ICP-AES analyses [Appendix A]. For the
standard SY-3, no reference value is given for ytrium and so no comparison can be made. A value was provided
for the second reference material [JB-1] and in the ﬁrst run, ytrium varied by a percent deviation of -9% from
this reference value and in the second by a higher value of -12% both recording lower values than expected
[Appendix A]. For both the ﬁrst and second ICP-AES runs, when comparing the values of zirconium retrieved
for both the standards, the percent deviation was ≤10% when compared to the reference value. Assuming that
ytrium was always under-represented, the values of Zr/Y may be slightly larger than expected but given the
values this would only cause small shifts on a plot of Zr/Y and so, for the purpose of my broad comparison
with the existing dataset, not considered of major importance.
The Khumib basalts outcrop predominantly within the northern domain and do not extend into the main
province region. The regions chosen for sampling would therefore not be expected to contain basalts of Khumib
composition [Fig. 2.17]. The Grootberg, Bergsig and Fonteine regions, from which 23/28 of the geochemically
sampled basalts were taken, would be expected to reﬂect composition of Tafelberg type given that these sec-
tions sample only the upper regions of stratigraphy either above the intra-Etendeka unconformity or just below
it, stratigraphy dominated by the Tafelberg basalts. The Tafelkop basalts are found only in the basal province
stratigraphy, showing an interﬁngering relationship with the Tafelberg basalts. Basalts showing Tafelkop com-
position would therefore only be expected in the southern Messum and Tafelkop sections, which sample the
lowest portions of the province stratigraphy, 5/28 basalts were taken from this region two of which were from
the minor Messum mountain basalts based upon their stratigraphic position within the subgroup. The Mg#
[Mg# = 100* MgO/[MgO + FeO]] values are plotted against Zr/Y values for these 28 values, noting the relative
positions of these samples compared to the various regions of expected basaltic compositions.
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Figure 3.4: A graph of Zr/Y against Mg# [Mg# = 100* MgO/[MgO + FeO]] [normalised to 100% no volatiles] showing
the chemical differentiation of the 28 basaltic units chosen for ICP-AES. The shaded regions show the compositional
domains deﬁned by Marsh et al. [2001] for the major basaltic units exposed in the sampled regions. Unﬁlled circles
represent samples from the main Etendeka province sampling the Grootberg, Bergsig and Fonteine regions, black ﬁlled
symbols represent samples taken in the southern Messum region and brown ﬁlled circles represent samples of the Messum
Mountain basalt and errors are plotted as standard percent errors [5%].
The majority of samples from the Grootberg, Bergsig and Fonteine sections show compositions falling within
the region deﬁned by basalts of Tafelberg composition [Fig. 3.4]. Three samples Na1, Na25 and Na26 showed
Zr/Y values much lower than the expected values for the Tafelberg basalts, and three showed values with
slightly lower Mg# values but falling within the same block trend of the other values. Given the locations of
these samples in the upper stratigraphy it is suggested that these are Tafelberg basalts and such that this division
be extended. One of the samples [Et21] from the southern Messum group, falls amongst those samples of
Tafelberg type. This sample was one of the highest maﬁc units sampled in the Messum section and therefore
in the portion of the stratigraphy where Tafelberg basalts become interbedded with the Tafelkop basalts before
becoming the dominant maﬁc constituent following the eruption of Goboboseb III [the highest stratigraphic oc-
currence of the Tafelkop basalt falling between Goboboseb II and III]. Though this sample was below Gobobseb
III, the compositional data places it clearly within the Tafelberg domain and so this ﬂow is likely to represent
one of the lowermost ﬂows of Tafelberg composition within the Etendeka stratigraphy. The two samples [Et25
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and Et15] were from the base of the Messum and base of the Tafelkop sections respectively where samples
would be more likely to fall within the Tafelkop region. Although not falling in the major Tafelkop region with
a high magnesium number, these samples fall between two known Tafelkop regions and so, together with their
accompanying stratigraphic position, are likely sampling the Tafelkop basalts. The ﬁnal two samples from the
southern region [Et17 and Et18] were Messum mountain basalts, pre-identiﬁed by their position at the top of
exposed stratigraphy in the Messum region marking the crater rim. On Figure 3.4 these samples fall within
the extended region of possible Tafelkop composition. It is clear from the distribution that the geochemical
divisions for the basaltic units are less deﬁned than those used for quartz latite differentiation with considerable
overlap of their distribution in geochemical space.
Further consideration is now given to the silicic quartz latite units, which are, in places, important for corre-
lations between sampled sections. The geochemically analysed 17 samples chosen from the quartz latite units
can be considered as two individual groups. Ten sites were chosen as representing a ‘type lithology’ i.e. these
silicic units were pre-identiﬁed based upon their stratigraphic positions and existing map data thus facilitating
a direct comparison with the values from the existing Marsh et al. [2001] database for that lithology. These are
termed ‘group one’ samples. These samples were also chosen for simultaneous XRF geochemical analyses in
order to compare directly the results from the two different methods for the same samples. One sample from
group one [Na29] was not submitted to XRF analyses but was instead measured during both ICP-AES sample
runs in order to test repeatibility and to highlight any possible systematic differences between the two runs.
Seven sites comprise samples where identiﬁcation needs reinforcement, or where the identity of the sampled
lithology is slightly ambiguous based on pre-existing maps and on ﬁeld mapping during sampling. These are
termed ‘group two’ samples. Correlations were in general quite simple to determine, with the exception of the
region of Fonteine, where two quartz latites were noted on sampling rather than the one indicated on existing
maps. Geochemical sampling was therefore necessary to reinforce the ﬁeld based interpretation. Geochemical
sampling was also used in the region of Bergsig in order to check the correlation with the Grootberg section
because of the large distance between sections.
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3.4.1 Group one: type lithology
Major elements were determined using both ICP-AES and XRF techniques for all sites except Na29. The lo-
cations of the group one sites can be seen in Figure 3.5. One site was chosen to represent the Grootberg quartz
latite [Na3], three for the Weˆreldsend because there was noticeable variability in this unit in the ﬁeld during
sampling [Na21, Na22 and Na23], two for the Springbok [Et2 and Na29] and four for the Goboboseb units
[I,II,III] [Et19, Et21, Et23, Et24] because the interﬁngering of these individual ﬂows by basaltic units may
cause a greater degree of chemical variability within the unit. Samples were measured using both XRF and
ICP-AES methods in order that the values gained by these two techniques could be compared both with each
other and with the existing database of Marsh et al. [2001] which was obtained exclusively using XRF. Table
3.1 and Table 3.2 document the major elemental compositions obtained from these units using these different
techniques [both tables present unadjusted measurement values].
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Figure 3.5: The location of the ‘type unit’ sites for geochemical analyses are shown on a geological map of the main
province and on the inset map of a small area of the Messum region. The Grootberg, Weˆreldsend and Springbok type
locations were taken from the main province area. The Goboboseb ‘type’ localities were instead taken from the Messum
area where they form the major silicic units and where all three ﬂows are present.
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Table 3.1: ICP-AES major element concentrations [wt%]*1[*2] identify those samples measured in ICP-AES run 1[2].
FeO*= all iron is presented as FeO.
Site Unit SiO2 T iO2 Al2O3 FeO∗ MnO MgO CaO Na2O K2O P2O5 Total
Na3*1 GB 67.6 0.92 13.0 5.30 0.1 0.90 2.80 3.00 4.20 0.26 98.0
Na21*1 WE 68.4 0.78 12.7 4.50 0.1 0.50 2.20 2.30 4.70 0.24 96.4
Na22*1 WE 65.7 0.86 13.4 4.90 0.1 1.20 3.60 3.20 3.10 0.27 96.3
Na23*1 WE 64.2 0.87 13.9 4.70 0.1 1.10 3.60 2.70 4.10 0.27 95.5
Et2*2 SP 66.1 0.88 13.0 5.76 0.1 0.97 3.98 3.52 1.56 0.25 96.1
Na29*1 SP 63.3 0.89 13.0 5.60 0.1 1.1 3.8 3.7 1.6 0.26 93.4
Na29*2 SP 65.7 0.92 12.4 6.18 0.1 1.08 3.71 3.29 1.54 0.26 95.2
Et19*2 GO 65.7 1.01 12.3 6.64 0.1 1.07 3.07 2.81 4.05 0.28 96.9
Et21*2 GO 66.6 0.97 12.2 6.29 0.1 1.03 2.96 2.51 4.06 0.29 97.1
Et23*2 GO 65.2 1.00 12.5 6.68 0.1 1.11 3.20 2.65 3.79 0.28 96.5
Et24*2 GO 67.1 1.07 12.3 6.19 0.1 1.13 2.12 2.46 4.02 0.31 96.8
Table 3.2: XRF major element concentrations [wt%]. FeO*= all iron is presented as FeO.
Site Unit SiO2 T iO2 Al2O3 FeO∗ MnO MgO CaO Na2O K2O P2O5 Total
Na3 GB 67.5 0.97 12.5 5.62 0.1 0.64 2.10 2.63 4.24 0.25 96.6
Na21 WE 69.1 0.79 12.0 4.77 0.1 0.51 1.97 2.14 4.56 0.25 96.3
Na22 WE 66.3 0.87 12.7 5.17 0.1 1.17 3.36 3.09 2.96 0.26 96.0
Na23 WE 64.4 0.89 13.0 5.26 0.1 1.14 3.58 2.51 3.71 0.27 94.9
Et2 SP 64.1 0.94 12.8 5.81 0.1 1.09 3.56 3.73 1.70 0.23 94.1
Et19 GO 64.6 0.99 12.1 6.55 0.1 1.05 3.33 3.17 3.59 0.27 95.8
Et21 GO 64.6 1.02 12.5 6.44 0.1 1.02 2.82 2.04 4.33 0.60 95.5
Et23 GO 64.8 1.01 12.5 6.81 0.1 1.12 2.51 3.06 3.60 0.33 95.9
Et24 GO 64.8 1.11 12.4 6.45 0.1 1.02 3.04 2.79 3.88 0.29 95.8
XRF vs ICP-AES
Firstly, for each major element, a graph of ICP-AES wt % concentration against XRF wt % concentration with
the values having been normalised to 100% assuming zero volatiles was plotted [Fig. 3.6]. From this, the best
ﬁt gradient through the data was determined. A best ﬁt line with a gradient of 1.0 passing through the origin
would suggest that either method of analysis would provide the same wt % concentration for any particular
sample. The best ﬁt gradients for each element are presented in Table 3.3. For P2O5 two gradients are tabu-
lated, the ﬁrst including measurements from Et21, and the second discounting this point as anomalous given
that it falls far from the bulk distribution of other samples.
82
SiO2
70
7066
66
XRF wt %
IC
P-
A
ES
 w
t %
XRF wt %
XRF wt %
XRF wt %
XRF wt %
XRF wt %
XRF wt %
XRF wt %
IC
P-
A
ES
 w
t %
IC
P-
A
ES
 w
t %
IC
P-
A
ES
 w
t %
IC
P-
A
ES
 w
t %
IC
P-
A
ES
 w
t %
IC
P-
A
ES
 w
t %
IC
P-
A
ES
 w
t %
0.45
0.450.150.15
P2O5
K2O56.0
6.01.01.0
4.0
2.02.0 4.0
Na2O
14
141212
Al2O3a. b.
c. d.
e. f.
g. h.
1.4
1.40.4
0.4
MgO 4.5
4.51.51.5
CaO
0.05
0.05
0.20
0.20
MnO
Figure 3.6: Plots a-h show the weight percent values for each speciﬁed element, normalised to 100% assuming no
volatiles, for individual samples from ICP-AES and XRF analyses. The thick red line marks the 1:1 gradient line through
the origin. The errors plotted, where visible, are the limits of quantiﬁcation but note, given the normalisation of the data,
the expected errors would exceed those plotted.
83
Table 3.3: Gradients of major element XRF vs ICP-AES graphs. FeO*= all iron is presented as FeO. For P2O5 two
gradients are tabulated, the ﬁrst including measurements from Et21, and the second discounting these as anomalous given
that they fall far from the bulk distribution of other samples.
Best ﬁt
Element gradient
SiO2 1.00
T iO2 0.96
Al2O3 1.02
FeO∗ 0.96
MnO 1.01
MgO 1.01
CaO 1.04
Na2O 0.98
K2O 1.02
P2O5 0.80 [1.01]
All best ﬁt lines, with the exception of calcium, potassium, iron and titanium showed no trend when comparing
wt % concentrations from both ICP–AES and XRF techniques and this is best highlighted when considering the
distribution of data about a line of gradient 1 passing through the origin. With the exception of the aforemen-
tioned major elements, all others returned approximately equal points falling above and below this line. This
suggests that there was no systematic error in the results, though the majority of the trendline gradients indicate
slightly higher values were obtained using the ICP-AES technique. When considering calcium and potassium a
higher number of data points fell above or on this line [78% for potassium and 78% for calcium]. This suggests
that for these elements, ICP-AES was systematically providing higher values than those from XRF and this is
also indicated when considering the best ﬁt lines which produce the two highest gradients. When differentiating
between the Etendeka quartz latites [Chapter 2], a graph of iron against titanium is used. Given the importance
of this graph for correlation between sections, these values are considered in greater detail [Fig. 3.7].
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Figure 3.7: Plots a and b show the weight percent values, normalised to 100% assuming no volatiles, for individual
samples from ICP-AES and XRF analyses for iron and titanium respectively. In both plots those samples from ICP-AES
run 1 are marked in red. On both plots the thick red line marks the 1:1 gradient line through the origin. The black line and
equation pertain to the line of best ﬁt through the whole data set and the errors plotted are the limits of quantiﬁcation but
note, given the normalisation of the data, the expected errors would exceed those plotted.
Both iron and titanium showed gradients of less than one suggesting that ICP-AES was, in general, producing
lower values than gained by XRF analysis. As was previously noted they also displayed an uneven distribution
of data points about the line with equation X=Y, with all measurements for both iron and titanium falling on or
below this line within error [Fig. 3.7].
Firstly iron is considered. It is noteable that, for the ﬁrst sample run, iron was yielding some of the highest
percent differences between the reference standard values and the measured values for each standard, with val-
ues of -8% and -7% respectively indicating lower than expected measurements for the standard [Appendix A].
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Considering instead the second sample run, consistently lower than expected values were measured but these
were of a smaller magnitude to those measured in sample run 1 [≤5%] [Appendix A]. This may suggest that
the samples measured in the ﬁrst sample run would display consistently lower iron values than in the second.
To assess this possibility the two runs were considered separately with sample run 1 providing a new gradient
of 0.9245 and sample run 2 showing a gradient of 0.9721 which suggests that samples measured in sample run
1 may display consistently lower than expected iron values, while those from sample run 2 may display values
closer to those measured using XRF [though still less than expected from a perfect relationship where XRF =
ICP–AES]. Na29 was measured during both the ﬁrst and second sample runs and thus allows a further direct
comparison of the iron values obtained for the same sample across these two distinct runs. The ﬁrst sample run
provided a value that equalled 92% of the second sample run again suggesting that, the ﬁrst sample run had
systematically returned lower than expected values of iron. The same possibility was considered for the trend
seen in TiO2 values but no difference was found between the two sample runs with both displaying consistently
lower values than expected but with no difference in the observed magnitude of this variation. Consequently,
when considered separately, the two sample runs provide approximately the same gradient [0.960 and 0.956 re-
spectively]. Again, this could be tested by comparing the results for Na29. Both sample runs returned the same
value of 0.96 wt% TiO2 for Na29 suggesting that the measurements returned between runs were the same with
no inter-run difference. The impact of this upon the use of using ICP-AES and the plot of iron against titanium
to distinguish between the different quartz latites using the existing geochemical divides of Marsh et al. [2001]
is then considered.
Geochemical data new and old
Given that titanium was consistently lower when measured by ICP-AES when compared to XRF, my data may
plot towards the lower values of titanium when compared to the existing XRF divides of Marsh et al. [2001].
For iron, some deviation towards lower values may be seen when compared to that of Marsh et al. [2001]
with this deviation expected to be considerable for data measured during the ﬁrst sample run and less for data
measured during the second. Given that group one samples were taken from known lithologies it is possible
to assess whether such deviations from the existing dataset are observed by plotting this new ICP-AES data
against the existing divides of Marsh et al. [2001]. Up to this point it has been assumed that the XRF mea-
surements would provide values ﬁtting within the existing data, given that it is obtained by the same method.
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However, even with geochemical data measured using the same technique, inter-lab comparisons are difﬁcult
and can provide slightly offset data and so the data obtained by the XRF technique was also plotted to allow for
a similar comparison against the existing divides.
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Figure 3.8: Graph of FeO vs TiO2. The new data from the ‘type’ quartz latites was plotted with hollow coloured symbols
[XRF] and ﬁlled coloured symbols [ICP-AES]. The colour of these symbols [with the exception of Na29] match the colour
of the previously deﬁned divisions [coloured rectangles] for that ‘type’ lithology by Marsh et al. [2001] [see Chapter 2
Fig. 2.16]. Those samples measured during the ﬁrst ICP-AES run were marked by square symbols and those from the
second were marked by circlular symbols. The data from Na29 sampling the Springbok QL is plotted as black[white]
triangular symbols for ICP-AES run 1[run 2]. All data has been normalised to 100% assuming no volatiles in order to be
consistent with the existing data plot of Marsh et al. [2001]. The plotted error bars represent the LOQ though these will
be greater due to the normalisation of the data.
As discussed previously these results suggest there was a systematic difference in the values of iron measured
between the two distinct ICP-AES sample runs, with Na29 returning higher values when the measurement was
repeated in the second run [Fig. 3.8]. The other samples measured during ICP-AES sample run one, which
included samples of both the Grootberg and the Weˆreldsend quartz latites, were then considered. Two of the
samples, one of Grootberg composition and one of Weˆreldsend composition, returned iron values lower than
the minimum values expected for those units and thus fell outside of the previously deﬁned regions. The ﬁnal
two samples from the Weˆreldsend quartz latite fell within the allowed range, but were still towards the lower
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limits of iron as previously deﬁned by Marsh et al. [2001]. All values fell within the allowed range of titanium
for their respective quartz latite compositional domain. Given that the iron values seem to be systematically
underestimated in this ﬁrst sample run, the effect would be that the relative quartz latite zones would simply be
expected to slide towards ≈10% lower values of FeO and TiO2 for data measured during ICP-AES sample run
1 [this was based upon the difference in the iron value of Na29 measured between the two runs] see the adjusted
areas in Figure 3.8. The data measured during ICP-AES sample run 2 from samples of both the Springbok and
Goboboseb quartz latites was then considered. The values returned during this second sample run, fall within
the expected regions for those particular quartz latites suggesting that data obtained during the second sample
run could be compared to the original divisions of Marsh et al. [2001] requiring no adjustment to domains.
With the exception of one of the samples from the Weˆreldsend quartz latite, all the XRF data fell within the
expected divisions of Marsh et al. [2001] based upon their known lithology [Fig. 3.8]. Following these com-
parisons between the new data obtained during this study and the old data, it was apparent that both techniques
were capable of resolving the differences between the different units sampled. The XRF data, and data from
ICP-AES sample run 2, may be compared directly to the original divisions of Marsh et al. [2001]. Data obtained
from ICP-AES sample run 1, however, must be compared to the existing divisions but only following their 10%
translation towards lower FeO wt% values because of the suggestion of a systematic underestimation of iron
during this distinct sample run identiﬁed using this ‘type’ data.
3.4.2 Group two: section correlation
Group 2 sites can be broken up into two types, both of which are key to the later palaeomagnetic analyses:
type 1, those for use in conﬁrming and corroborating laterally separated section correlations [Fig.3.9] and, type
2, those from sections where the lithology is unclear given existing maps and ﬁeld associations thus requiring
conﬁrmation [Fig.3.10].
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Figure 3.9: Locations of group 2 sites for geochemical analyses [type 1]. [a], Shows the location of Na57 from the
Bergsig area used for correlation of the Grootberg and Bergsig sections. [b], Shows Et20 used for correlating sections in
Messum with sections in the main province region.
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Figure 3.10: Locations of group 2 sites for geochemical analyses: The Fonteine section [type 2].
As with group one sites, the data is shown tabulated below [Table. 3.4] and was also plotted on the quartz
latite differentiation plot of FeO against TiO2 [Fig. 3.11]. Three sites considered crucial for understanding the
Fonteine section, Et7, Et8 and Et11, were also run using XRF methods [Table. 3.5].
Table 3.4: ICP – AES major element concentrations [wt%]*1[*2] identify those samples measured in ICP-AES run 1[2].
FeO*= all iron is presented as FeO.
Site SiO2 T iO2 Al2O3 FeO∗ MnO MgO CaO Na2O K2O P2O5 Total
Na34*1 65.0 0.99 13.20 5.60 0.0 0.60 2.60 2.50 4.60 0.38 95.47
Na41*1 65.6 0.91 13.1 5.30 0.10 0.90 2.60 2.60 4.20 0.27 95.58
Na57*1 64.0 0.87 13.3 4.70 0.10 1.10 3.30 3.80 2.40 0.27 93.84
Et7*2 66.8 1.03 12.2 6.64 0.12 1.03 3.04 2.37 4.52 0.30 98.0
Et8*2 64.9 1.02 12.8 6.71 0.29 0.85 1.73 3.59 4.49 3.31 96.7
Et11*2 66.6 0.99 12.6 5.95 0.12 1.06 3.50 3.10 2.24 0.27 96.5
Et20*2 64.2 1.11 12.2 7.01 0.13 1.02 3.44 2.61 3.94 0.29 95.9
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Table 3.5: XRF major element concentrations for group 2 [wt%]. FeO*= all iron is presented as FeO.
Site Unit SiO2 T iO2 Al2O3 FeO∗ MnO MgO CaO Na2O K2O P2O5 Total
Et7 SPK 65.5 1.02 12.3 6.43 0.12 1.04 2.83 2.57 4.62 0.29 96.8
Et8 SPK 66.1 1.05 12.2 6.48 0.09 0.94 1.65 3.73 4.11 0.28 96.6
Et11 SPK 64.9 0.93 12.6 5.66 0.11 1.03 3.28 3.41 1.88 0.26 94.0
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Figure 3.11: Graph of FeO vs TiO2 showing the regions of the four main quartz latite units as of Marsh et al. [2001]
[coloured areas]. The new data is plotted as white ﬁlled symbols if taken from ICP-AES run 1 [this sample run showed
systematically lower iron values] and ﬁlled black symbols if from ICP-AES run 2 [for comparison with the original
divisions of Marsh et al. [2001]]. For those samples measured during ICP-AES sample run 1 arrows mark the expected
translation of this data towards the higher iron values for comparison with the original divides of Marsh et al. [2001]. The
three sites measured by XRF were plotted as ﬁlled grey symbols [for comparison with the original regions]. All data has
been normalised to 100% assuming no volatiles in order to be consistent with the existing data plot of Marsh et al. [2001].
The plotted error bars represent the LOQ though these will be greater due to the normalisation of the data.
Firstly, the two data points that are important for correlation between sections are considered [type 1]. Site
Na57 samples the QL unit in the Bergsig section. It should represent the Weˆreldsend QL sampled in the Groot-
berg section, though at lower absolute heights due to the signiﬁcant lateral separation of these sections and the
sub degree dips of the units towards the south. Figure 3.11 shows that Na57 was from the ﬁrst ICP-AES sam-
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ple run and falls just within the limit of the Weˆreldsend QL even prior to translation, supporting the proposed
correlation. The second site, Et20, was taken from the Messum section and should therefore be sampling the
Goboboseb QL, supported by its position on the FeO vs TiO2 plot. This measurement was used for a direct
comparison with the type 2 data obtained from the Fonteine section.
Field observations across the sampled Fonteine section noted two separate QL units separated by intermediate
maﬁc units with different absolute heights and relative stratigraphic positions. This does not agree with the sin-
gle QL [Springbok type] suggested in existing maps for the region of Fonteine [see Figure 3.5]. In Figure 3.11
samples measured during ICP-AES sample run 1 have arrows marking the translation of these towards higher
FeO values for comparison with the existing divisions of Marsh et al. [2001]. The highest of the observed QLs
was sampled by Na41 and Et11 and the lower of the QL units by Na34, Et7 and Et8. The results for these two
sets of sites can be considered as two clusters, those with higher FeO and TiO2 values [Na34-post translation,
Et7 and Et8], though not as high as Et20, and those with lower FeO and TiO2 values [Et11 and Na41-post trans-
lation]. In their original positions, as measured, Na34 lies outside all previously deﬁned divisions and Na41
lies within the Grootberg QL division which is stratigraphically impossible given the position of this section
below the Weˆreldsend QL and below the unconformity within the lower Awahab stratigraphy.
Given the importance of this section Et11, Et7 and Et8 were also analysed using the XRF technique. The values
obtained by this method were consistent with the groupings indicated by the ICP-AES data though Et11, when
measured using the XRF technique, falls clearly within the Springbok domain within which Na41 falls, while it
sits just outside of this domain when measured using ICP-AES. Given this distribution of data in two separate
clusters, and considering the stratigraphic positions observed in the ﬁeld, these two quartz latites are considered
to be different types. The higher of the two quartz latites, sampled by Et11 and Na41, is considered to fall within
the Springbok compositional division of Marsh et al. [2001], whereas the lower quartz latite is considered to
fall within the Goboboseb compositional domain. This is consistent with the expected stratigraphic positions
of these two units especially when considering that, in the area ≤ 5 km to the south west of Fonteine, the Gob-
oboseb quartz latite is known to outcrop below the Springbok QL separated by Tafelberg basalts. Given this,
the clear stratigraphic separation observed in the ﬁeld, and the trends observed in both the ICP-AES and XRF
derived geochemical data, it is suggested that the relationship observed ≤ 5 km to the south west extends up to
Fonteine. The section is therefore interpreted as containing two distinct quartz latites: the Springbok QL, and
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below that the Goboboseb QL which outcrops as the margins of the main province exposure are approached.
This geochemical interpretation is important for establishing a full Etendeka magnetostratigraphy in Chapters
4 and 5.
3.5 Concluding remarks
• Both new and old major element geochemical analyses highlight the strongly bimodal compositional
characteristic of the Parana´ – Etendeka province with a clearly deﬁned 7-8% silica gap.
• The ‘type’ compositions of the basalts appear poorly deﬁned with blurred boundaries and with the strati-
graphic and geographic location providing a better indication of type than the geochemical plots used in
differentiation.
• Recorded titanium content was consistent with sampling of the southern low-titanium compositional
domain.
• Comparisons of the existing Marsh et al. [2001] data, new ICP-AES generated data and XRF data show
that the values for given units, both old and new, are broadly consistent with the exception of ICP-AES
run 1 which required adjustment due to systematically [≈ 5-10%] lower values of iron for any given
sample.
• The Fonteine section, which maps suggest should contain only the Springbok quartz latite, is instead
interpreted as containing both the Springbok and one of the Goboboseb quartz latite units, with both ﬁeld
observations and geochemical analyses used to support this. The polarities of these individual units may
also conﬁrm this if the two units are found to record opposing polarities.
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Chapter 4
Magnetostratigraphy
A number of sections through the Etendeka stratigraphy were selected for magnetostratigraphy with a view
to constraining both the duration and nature of volcanic activity. Where possible, continuous sections were
sampled. This removes the need for correlating numerous individual sections, a problem which has limited
similar studies in the Parana´ [Chapter 2]. The sampling of continuous sections also allows for directional group
analyses to be completed upon these sections to further constrain the nature of volcanic activity. This method
has been used extensively and successfully on, amongst others, the Deccan traps large igneous province [e.g.,
Chenet et al., 2008] to help establish the nature of volcanic activity [Chapter 1].
Detailed section localities are ﬁrst presented alongside a detailed methodology. The results of palaeomag-
netic directional analyses obtained from these sections are then presented alongside the rock magnetic data
used in determining the nature of the magnetic mineralogy and the reliability of any palaeomagnetic directions
recorded.
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4.1 Sampling
Samples for magnetostratigraphy were predominantly collected as drill cores, yielding a total of 737 cores
from 81 sites. Due to issues with ﬁeld coring, oriented handsamples were collected at 18 sites, yielding 149
individually oriented hand samples. These samples were collected from three continuous stratigraphic sections
containing no identiﬁable sills1 [herein referred to as the Grootberg, Messum and Tafelkop sections] in addition
to two short sections [referred to as the Bergsig and Fonteine mini-sections] and a number of individual sam-
pling sites. Samples were oriented using both magnetic [with an 11◦applied declination correction based upon
the International Geomagnetic Reference Field (IGRF) [Olsen et al., 2000] 2], and sun compasses where pos-
sible, and an accompanying clinometer. Comparison of the magnetic and sun compass measurements revealed
that bearings were generally within 5◦supporting the integrity of the magnetic measurements. Consequently,
for the majority of sites the magnetic direction was used because of the higher accuracy of these measurements,
however, for sites where the bearings differed by >5◦the sun compass derived orientation was used.
1Every care was taken to check for long range lateral continuity of units and many of the sampled units showed a concentration of
vesicles/amygdales at their top which is more commonly associated with ﬂow units. There was no ﬁeld evidence to suggest any of the
units sampled were sills.
2Declination corrections are used to correct for the time varying differences in position of true north and magnetic north.
95
550
55
0
55
0
60
0
600
600
60
0
60
0
650
65
0
350
500
50
0
60
0
5
50
9
76
8
46
6
93
9
76
6
72
5
M
ES
SU
M
 
CR
AT
ER
BR
A
N
D
BE
RG
Pr
e-
Ka
ro
o
Ka
ro
o
Ta
fe
lk
op
 b
as
al
ts
G
ob
ob
os
eb
 I 
(Q
L)
M
es
su
m
 M
ou
nt
ai
n 
ba
sa
lt
Sp
rin
kb
ok
 (Q
L)
 
M
es
su
m
 in
tr
us
iv
e 
ig
ne
ou
s 
co
m
pl
ex
Co
pp
er
 v
al
le
y 
ba
sa
lt
G
ob
ob
os
eb
 II
 A
N
D
 II
I (
Q
L)
Fa
ul
t
Ro
ad
Co
nt
ou
rs
 a
t 5
0m
 in
te
rv
al
s
Su
rfi
ci
al
 d
ep
os
its
M
es
su
m
 
(E
t 1
7 
- 2
4,
 F
a 
7 
- 1
0,
 
Pr
19
, T
g 
17
 - 
19
) C
m
 1
9-
27
)
Ta
fe
lk
op
(T
g 
1 
- 1
4,
 C
m
 1
3,
 1
4)
Co
pp
er
 v
al
le
y
ba
sa
lt 
un
it 
sa
m
pl
in
g
(F
a 
11
)
Ki
lo
m
et
re
s
0 
   
   
   
   
   
   
   
   
5 
   
   
 
10
21
0 2
5’
 S
14
0 1
5’
 E
14
0 3
0’
 E
21
0 0
5’
 S
21
0 1
5’
 S
(T
g 
15
, E
t 1
5)
(E
t 1
6,
 E
t 2
5,
 T
g 
19
)
13
  3
0’
 E
20
0
40
Ki
lo
m
et
re
s
20
° S
20
° 3
0’
 S
19
° 3
0’
 S
14
°  
E
Ta
fe
lb
er
g 
ba
sa
lts
G
ob
ob
os
eb
 (Q
L)
W
êr
el
ds
en
d 
(Q
L)
G
ro
ot
be
rg
 (Q
L)
Ro
ad
Fa
ul
te
d 
zo
ne
Ta
fe
lk
op
 b
as
al
ts
Sp
rin
gb
ok
 (Q
L)
TO
RR
A
 
BA
Y
14
° 3
0’
 E
a.
b.
Be
rg
si
g
(N
a 
30
, P
r 1
5-
17
, C
m
 8
-9
)
Sp
rin
gb
ok
un
it 
sa
m
pl
in
g
(N
a2
9,
 E
t 1
, E
t2
, E
t 3
)
BE
RG
SI
G S
pr
in
gb
ok
un
it 
sa
m
pl
in
g
(E
t 1
2,
 P
r 2
)
Fo
nt
ei
ne
 
(E
t 5
 - 
11
, F
a 
6 
, 
Pr
 1
- 4
)
G
ro
ot
be
rg
 
(N
a 
1 
- 2
7,
 E
t 4
, P
r 1
4,
 P
r 1
8)
Fi
gu
re
4.
1:
T
he
lo
ca
tio
n
of
al
ls
am
pl
ed
si
te
s
ca
n
be
se
en
fo
r
th
e
m
ai
n
pr
ov
in
ce
ar
ea
[a
]
an
d
fo
r
th
e
M
es
su
m
re
gi
on
[b
].
M
ap
a
w
as
m
od
iﬁ
ed
af
te
r
th
e
m
ap
s
of
M
iln
er
et
al
.
[1
99
2]
an
d
M
ill
er
et
al
.[
20
08
]a
nd
m
ap
b
w
as
ba
se
d
on
th
e
ge
ol
og
y
of
M
ill
er
et
al
.[
20
08
]w
ith
a
si
m
pl
iﬁ
ed
to
po
gr
ap
hy
ov
er
la
in
.
96
4.2 Detailed section localities
4.2.1 The Etaka subgroup
The Grootberg section and the Bergsig mini-section sampled the stratigraphy above the intra-Etendeka uncon-
formity. The Grootberg section, chosen for its road cut exposure, runs through the Grootberg pass from 19◦50’
34” S, 14◦07’ 44.46” E to 19◦52’ 25.34” S, 14◦03’ 50.65” E [Fig. 4.2a], and samples nearly the full Etaka
subgroup. A high sampling density is possible due to an almost continuous exposure resulting in an excellent
vertical section through this uppermost stratigraphy.
The Bergsig mini-section samples up rivers that incise the north facing slope of the local topographic high
centred on 20◦10’ 53.92” S, 14◦04’ 32.43” E [Fig. 4.2b]. The section samples portions of the Weˆreldsend
quartz latite and the basaltic units directly below, which can be correlated across to the Grootberg section
lying approximately 40 km away due north. In this northern region all of the volcanic units sampled are
approximately horizontal with sub-degree dips towards the south generating the small 90 m altitude difference
between the Weˆreldsend quartz latite exposed in the Grootberg and Bergsig sections.
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Figure 4.2: Detailed maps showing each site position within the sections sampling the Etaka with accompanying geology
and topography overlain. Map a shows the locations of the sites sampling the Grootberg section to the north and map b
shows the locations of the sites sampling the Bergsig section further south.
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4.2.2 The Awahab subgroup
Sampling below the unconformity are the Messum section, Tafelkop section, Fonteine mini-section and all in-
dividual sites.
The Messum section samples the units directly below the intra-Etendeka unconformity. In this southern region,
as noted in Chapter 2, the volcanic rocks are dipping measurably in a radial sense towards the Messum crater, an
artefact postulated to be the result of downsag following the voluminous Goboboseb and Springbok quartz latite
eruptions sourced from the Messum crater, with estimated volumes of 2300 km3 and ≤ 6300 km3 respectively
[Milner et al., 1995, Ewart et al., 2002]. The section samples a laterally extensive area that can be split into two
individual portions following the rough incision paths of tributaries of the Messum river [Fig. 4.3]. One portion
follows an approximately linear trend beginning at the Messum crater edge at 21◦20’ 40” S, 14◦14’ 20.30”
E and ending at 21◦19’ 43.63” S, 14◦15’ 09.86” E, and the other follows a circumference like path [taking a
location at 21◦25’ 0” S, 14◦12’ 55” E as an approximate crater centre] from 21◦19’ 59.67” S, 14◦16’ 42.63” E
to 21◦20’ 45.10” S, 14◦17’ 46.36” E [Fig. 4.3]. Three sites, [Et16, Et25 and Tg19] lie further to the east, off
these main paths [Fig. 4.3].
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Figure 4.3: The detailed sampling locations of sites from the Messum sampling region. The geology was based on Miller
et al. [2008] and a simpliﬁed topography was overlain.
The Tafelkop section samples the oldest sequence of basalts in the southern domain: the Tafelkop basalts [Fig.
4.4]. It samples from the lowest ﬂows upwards towards the base of the units sampled in the Messum section.
The majority of sites that feature in the Tafelkop section sample up small river valleys incising the northwest
slope of a local topographic high running from the highest site, Tg5 at 21◦18’ 12.06” S, 14◦19’ 21.00” E, to
the lowest site Tg1A/B at 21◦17’ 25.02” S, 14◦19’ 39.60” E [Fig. 4.4]. Two further sites feature in this sec-
tion, Et15 and Tg15 [Fig. 4.4]. These sites lie within 1 km of the main section sampled, with their relative
position at the base of the sampled stratigraphy well established. The lateral separation from the main Tafelkop
sequence, however, means that their vertical position relative to other sites was estimated by projecting them
onto the main line of section using their relative radial distances and bed dips. As the radial distance to the
Messum crater increases, the dip on the beds decreases, such that in the region of the Tafelkop section the beds
are dipping an average of only 5◦as opposed to in the Messum region where the average dip is 11◦.
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Figure 4.4: Sketch section overlaying a photograph indicating the relative positions of the sites sampling the Tafelkop.
Arrows show the direction towards sites falling outside of the photo view.
The Fonteine mini-section samples along a road section from 20◦19’ 52.80” S, 14◦05’ 31.14” E to 20◦19’
19.03” S, 14◦07’ 15.56” E [Fig. 2.17a]. It samples just below the unconformity with the stratigraphically high-
est unit sampled being the Springbok quartz latite that is partially eroded by the surface of the unconformity.
The Springbok quartz latite is sampled by four sites [Na29, Et1, Et2 and Et3] in roadside outcrops towards the
coast and Torra Bay, and by another site [Pr2] located on a track towards the Damaraland rest camp [Fig. 2.17a].
The site Et12, also along the Damaraland rest camp track, samples the basaltic unit found below this Springbok
quartz latite. Site Fa11 samples the Copper Valley basalt: a localised basalt ﬂow exposed only between two
north-south trending faults in the northeast region of the Goboboseb mountains [Fig. 2.17b].
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4.3 Palaeomagnetic methods
The 737 cores and 149 hand samples were cut to standard 1 inch [25.4mm] palaeomagnetic specimen size re-
quiring a total of 32 days in the rock preparation laboratories at Imperial College London and Oxford University
trimming cored samples and setting, coring and trimming handsamples. This yielded a total of 1019 specimens
with some cores yielding multiple specimens. Of these 1019 specimens, 893 were submitted to progressive
demagnetisation with over 120 days spent in the laboratory collecting these measurements. A combination of
both stepwise thermal and alternating ﬁeld [a.f.] demagnetisation techniques were used to make measurements
of the natural remanent magnetism [NRM] [see Chapter 2]. Agico JR5A and Molspin magnetometers were
used for measuring the magnetic remanence at Imperial College London and the University of Oxford palaeo-
magnetic laboratories with measurements conducted inside a shielded, ﬁeld-free room [<500 nT, Oxford] and
a dynamic Helmholtz cage [<30 nT, Imperial].
Thermal demagnetisation procedures were carried out using both ASC TD48 and MMTD1 palaeomagnetic
ovens, with the capacity for 40 and 21 specimens respectively and using up to 20 demagnetisation steps be-
tween 100◦C and 680◦C, reducing from 50◦C to 30/20◦C steps, with increasing temperature. Systematic re-
orientation of the specimens in the furnace was used to detect any laboratory induced magnetisations gained
through the heating/demagnetization process. Alternating-ﬁeld demagnetisation measurements were carried
out using a Molspin Tumbling a.f. demagnetiser up to a value of 100 mT followed, where necessary, by the
DTECH 2000 static demagnetiser up to 200 mT. The steps used were 0 mT, 5 mT, 10 mT, 15 mT, 20 mT, 30
mT etc. up to 100 mT. If required, these steps were followed on the static instrument, by either 150 mT and
200 mT steps, or ﬁner 120 mT, 140 mT etc. steps if the remaining remanence encompassed a large proportion
of the total original NRM. On occasion, due to the presence of a mineral with high coercivity, a number of ﬁnal
heating steps were needed, starting at 500◦C and followed by further steps, at 540◦C and 580◦C, as required, to
reduce the remaining magnetisation to below 5% of the original NRM. Of those specimens demagnetised using
progressive thermal demagnetisation, 18 disintegrated on heating before full demagnetisation, leaving 875 fully
demagnetised specimens.
The characteristic components of the NRM were determined by principal component analysis on linear por-
tions of the orthogonal vector trajectories, with maximum angular deviations [MAD] <15◦[Kirshvink, 1980].
The primary and characteristic remanent magnetisation [ChRM] was taken to be the high-temperature/high-
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coercivity component of any multi-component remanence, with the lower temperature/coercivity component
associated with either a [thermo] viscous overprint or a partial thermoremanent magnetisation acquired on sub-
sequent re-heating by overlying lava ﬂows. Where multiple specimens from a single core were analysed, the
directions were averaged to produce a single core value such as not to bias the site mean towards a single core
direction. Site means were then calculated using Fisher [1953] statistics and only sites with signiﬁcant statisti-
cal grouping were accepted as providing useable directional data.
In parallel to sample demagnetisation, a number of rock magnetic measurements were made to help characterise
the magnetic mineralogy and domain state of the samples, and to assess the reliability of the directions being
recorded [see Chapter 2]. A Princeton Measurements Vibrating Sample Magnetometer [VSM] in the palaeo-
magnetics laboratory at Imperial College London was used to conduct room-temperature hysteresis curves
[with an applied ﬁeld of 500 mT and stepsize of 3 mT] and backﬁeld curves [with 15-20 points]. A furnace
attachment was then used to conduct high-temperature thermomagnetic curves for a select number of samples,
these analyses were conducted in a helium environment to minimise alteration by oxidation, with an applied
ﬁeld of 300 mT, a maximum temperature of 650-700◦C and temperature step-size of 1◦C.
4.4 Results
4.4.1 Palaeomagnetic directions
Of the 99 sites, all samples from one site [Na3] disintegrated on heating, 70 sites sampled by 673 specimens
provided consistent palaeomagnetic directions and a further 28 sites [sampled by 202 specimens] failed to
provide useable palaeomagnetic directional data. Firstly, those sites failing to provide useable data will be
discussed followed by those which provided consistent directions.
Failed sites
The complete failure of sites was found, predominantly, to be the result of a lack of consistent directions, both
within a single sample during demagnetisation and when comparing individual sample directions from a site
[with the exception of sites Na1, Et16, Et21, and Cm23 where numerous samples disintegrated in the furnace].
This failure can be further broken up based upon the speciﬁc basis for site omission. Omissions resulted from
sites with: 1] Poor statistical grouping [i.e. sites failing to show grouping according to Fisher statistics [one
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site]; 2] a lack of identiﬁable linear components [i.e. a ChRM] revealed during demagnetisation of individ-
ual samples [two sites] [Fig. 4.5]; and 3] a complete lack of consistency when comparing the recorded site
directions [19 sites]. The majority of sites fell within the type three classiﬁcation of failure. Only sites Tg18
and Tg19 failed to fall within these general failure classes and these sites are reviewed following a discussion
surrounding the suspected cause of type three failure.
Tg17b
Tg17b
a. c.b. d.
W,up
N
W,up
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Figure 4.5: Representative plots indicating site failure by lack of identiﬁable characteristic remanent magnetisations
[ChRMs] during a.f. demagnetisation, so with no thermal alteration during demagnetisation which could have been
responsible for the scattered plots. b and d are orthogonal demagnetisation plots where solid [open] symbols represent
horizontal [vertical] projections. a and c are accompanying stereonets which show the directions recorded during the
stages of sample demagnetisation, with north oriented towards the top of the ﬁgure and where hollow symbols represent
negative inclinations and ﬁlled symbols reﬂect positive inclinations. On all plots it is clear that the recorded directions
from these samples are scattered during demagnetisation such that no ChRM/linear component is clearly deﬁnable. In
plot d it could be argued that linear components are identiﬁable, however, the high temperature component showed a mean
angular deviation too great and was deﬁned by too few measurements to be considered reliable.
When considering those sites which failed due to a lack of statistical consistency/correlation between the in-
dividual recorded sample magnetic directions, it is possible to note a number of similarities between sites. A
lack of site consistency was generally accompanied by one or more of the following characteristics: 1] high
initial NRM intensities, 2] sharp demagnetisation of remanence via a.f. demagnetisation in applied ﬁelds <40
mT and 3] low values of inclination [i.e. <15 ◦]. Given the propensity for lightning strikes in Namibia and
the common failure of sites in palaeomagnetic studies from southern Africa due to the recording of scattered
directions resulting from lightning strikes [e.g., Jones and McElhinny, 1966], type three failure is attributed
to lightning induced isothermal remanent magnetisation [IRM] overprinting the primary remanence directions
[Fig. 4.6]. Sites Tg18 and Tg19 show poor but quantiﬁable statistical grouping which, if accepted, could be
interpreted as recording a transitional ﬁeld direction, however, they are omitted from the accepted sites. This
is because the samples display nearly all of the characteristics noted in those sites showing inconsistent direc-
tions attributed to lightning induced IRM. It was therefore concluded that these recorded directions, although
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consistent, fall within the third failure group representing secondary rather than primary directions. To support
this, sites Tg18 and Tg19 were compared with a modern study of magnetic directions recorded in the proximity
of a lightning strike. Verrier and Rochette [2002] indicate a non random orientation of directions when centred
upon the point of the strike showing consistent directions in limited regions with a similar relative position to
the point of impact.
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Figure 4.6: Plot a is a stereonet, oriented such that north is towards the top of the ﬁgure, and plotting the individual
sample orientations. Hollow symbols represent negative inclinations and ﬁlled symbols reﬂect positive inclinations. The
site shows scattered directions recorded by samples and no consistent palaeomagnetic direction. Plot b is a representa-
tive plot of % NRM remaining during demagnetisation and c is a representative orthogonal demagnetisation plot with
solid [open] symbols representing horizontal [vertical] projections. Plot b and c clearly indicate the characteristic sharp
demagnetisation of samples from these sites at low applied a.f. ﬁeld intensities [<30 mT].
Successful sites
The remaining successful 70 sites, sampled by 673 specimens, provided consistent palaeomagnetic directions;
612 specimens, sampling 529 cores, were used to calculate the site means with the remaining 61 specimens,
sampling 58 cores, being omitted from site mean calculations for reasons outlined below.
Omissions were due to either: [1] Cores providing directions far from the site mean, that were broken during
drilling and subsequently reoriented; [2] cores from slightly different stratigraphic or lateral positions from the
rest of the sampling site, providing directions distinct from the majority of samples at that site; [3] cores pro-
viding spurious directions while displaying soft demagnetisation behaviour and/or intensities double [or more]
than others measured in that site, i.e., the remanence in these samples was likely a lightning induced isothermal
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remanence overprint [Fig. 4.7]; and [4] cores having no deﬁnable linear component of magnetisation. Post
removal of these cores the data from these 70 sites exceed the 1% signiﬁcance values for grouping [Watson,
1956], with the exception of site Et11 which has too few samples [4] for a valid application of the test due to
disintegration, however, the remaining samples recorded concordant directions and so the site was accepted.
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Figure 4.7: A representative stereonet [a] and demagnetisation plot [b] from site Cm21 which highlights the behaviour
of samples omitted from the site mean for displaying a lightning induced secondary isothermal remanent magnetisation
[IRM]. The directions are distinct from the site mean which is clearly illustrated in the stereonet [a]. The samples also
display sharp demagnetisation as a result of low a.f. ﬁelds [e.g. Cm21g] unlike the other samples which demagnetise
gradually [e.g. Cm21b].
With the exception of the omitted cores, most fully demagnetised specimens yielded a single, clearly identi-
ﬁable, linear component of magnetisation, with only a few sites [Na12, Na22, Na27 and Tg15] yielding two
distinct linear components [deﬁned by ≥ 4 measured points] [Zijderveld, 1967, Dunlop, 1979]. The majority
of specimens behaved in a very similar fashion during demagnetisation, by thermal or a.f. means, with the
removal of a soft viscous component [Fig. 4.8], typically by application of a.f. peak-ﬁelds of 15-20 mT or
temperature treatments of 100-250 ◦C, followed by a linear ChRM component trending towards the origin on
orthogonal demagnetisation plots. Representative orthogonal plots from both a.f. and thermal demagnetisation
are presented in Figure 4.8.
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Figure 4.8: Representative orthogonal plots illustrating samples recording periods of normal and reverse polarity by both
a.f. and thermal demagnetisation. On orthogonal plots, solid [open] symbols represent horizontal [vertical] projections.
a, b, g and j all illustrate samples recording normal polarity whereas d, e, f, h and i illustrate samples recording reverse
polarity ﬁeld states. The samples shown in a, e and i represent samples demagnetised using thermal demagnetisation
whereas those samples shown in c, d, f, g and j represent samples demagnetised using alternating ﬁeld. Those samples
shown in b and h were demagnetised ﬁrstly by a.f. means, however, some ﬁnal thermal demagnetisation steps were
required to fully demagnetise the samples. The sample shown in i is an example of multi-component remanence, with the
higher temperature component taken as the ChRM. The sample in c is suspected of representing a secondary isothermal
remanence gained through a lightning strike. The sample demagnetises at lower a.f. peak ﬁeld strengths and shows an
anomalous direction. e, g, h and j all show examples of where a small component of viscous remanent magnetisation
[VRM] is demagnetised prior to the linear ChRM. This component is too small to constitute a separate linear component
being demagnetised by 15-20 mT/100-250 ◦C as discussed in the text.
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Once anomalous cores had been removed, sites demagnetised by thermal and a.f. techniques displayed strong
grouping regardless of the polarity being recorded. This is is generally expected for directions recorded from
‘geologically young’ volcanic samples and no observed differences arose from using both a.f. and thermal
demagnetisation. Representative stereonets showing the tight grouping of sites yielded from both thermal and
a.f. demagnetisation are presented in Fig. 4.9.
a. b. c.
Na2 Tg1A
d. e. f.
Na7 Pr19
Na16
Fa6
Na25, Pr6
g. h.
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Tg1B
i.
Figure 4.9: Representative stereonets illustrating sites recording periods of normal and reverse polarity by both a.f. and
thermal demagnetisation with site α 95’s and means shown. The stereonets are oriented such that north is towards the top
of the ﬁgure, hollow symbols represent negative inclinations and ﬁlled symbols represent positive inclinations of Earth’s
magnetic ﬁeld as recorded by each sample. Those sites in a, d and f represent those demagnetised solely by thermal
demagnetisation and b, c and e represent sites demagnetised by a.f. demagnetisation alone. The site represented by g
contained samples demagnetised by both a.f. and thermal demagnetisation. Sites represented by h and i represent those
where a.f. demagnetisation was used in the ﬁrst instance but was followed by later stage thermal demagnetisation to
ensure complete sample demagnetisation.
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Some samples which were demagnetised initially by a.f. demagnetisation failed to fall below 5% of their initial
NRM after a.f. demagnetisation to the maximum ﬁeld of 200 mT. In these cases ﬁnal heating steps were used
to ensure the samples were sufﬁciently demagnetised. Because of the change in demagnetisation technique,
resulting demagnetisation plots were carefully examined in the region of technique transition to ensure no
deﬂections occurred as a result of this which could arise from alteration due to sudden high tempearture heating
of the samples. An example orthogonal demagnetisation plot arising from a sample where this dual technique
method was applied is presented in Fig. 4.10. Examination of this shows that, as with other samples, there is
no deﬂection of the directions recorded across the transition between a.f. and thermal demagnetisation and it is
concluded that the change between techniques had no effect on the subsequent direction.
Tg1l
580°C
540°C
500°C
200mT
180mT
160mT
ChRM
S
E, down
Figure 4.10: An orthogonal demagnetisation plot where initial a.f. demagnetisation was followed by thermal demag-
netisation to ensure complete sample demagnetisation. Solid [open] symbols represent horizontal [vertical] projections.
No deﬂection in the direction recorded can be noted across the technique transition with the ChRM remaining consistent
across this transition.
Multicomponent remanence
Although the majority of samples revealed single component remanence with a soft viscous component, a small
number of sites showed multicomponent remanence [e.g. Fig. 4.8i]. For Tg15 only limited samples showed
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components persisting to high enough ﬁelds to be described as multicomponent and so this is likely to represent
a viscous overprint. This is also the case for sites Na22 and Na27 where the low temperature components were
inconsistent or poorly deﬁned.
Site Na12, however, shows multicomponent remanence with consistent low-temperature remanence persist-
ing up until 350◦C, and consistent high-temperature remanence [reverse polarity] revealed only during the
later stages of sample demagnetisation. The observed multicomponent remanence is considered the result of
overlying ﬂow units causing thermal over-printing; the low temperature component displays a normal polarity
direction consistent with the overlying ﬂow [Na11] and thus consistent with a pTRM and the high temperature
component is considered to reﬂect the primary remanence [Fig. 4.11]. Such multicomponent remanences in
the upper portions of ﬂow units, are being increasingly noticed in stacks of successive lava ﬂows where detailed
palaeomagnetic sampling has been undertaken [e.g., Bogue and Glen, 2014]. This illustrates the necessity for
the sampling of ﬂow units to be concentrated near the ﬂow base as opposed to the ﬂow top, which can be prone
to pTRMs. Where individual ﬂow boundaries are unclear, or where adjacent ﬂows are welded, the importance
of rigorous sampling increases and small vertical offsets between sites are needed to ensure no reversals are
overlooked due to omissions in sampling.
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Figure 4.11: Panel a presents site Na12 which displays multicomponent remanence. A stereonet is presented [ﬁlled
symbols represent positive inclinations and hollow symbols represent negative inclinations] oriented such that north is
towards the top of the ﬁgure. This is accompanied by a representative orthogonal demagnetisation plot where, solid [open]
symbols represent horizontal [vertical] projections and which clearly shows the antipodal nature of the multicomponent
remanence. Panel b is an illustration indicating the possible aquisition of a pTRM by conductive heating from an overlying
ﬂow.
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The polarity of the Weˆreldsend QL
The majority of ﬂows, being relatively thin, i.e. 1-10 m, were sampled by one site thus providing a single
direction then taken to represent the direction recorded by the ﬂow unit. The Weˆreldsend quartz latite unit is, in
the region of the Grootberg section, believed to be a single thick ﬂow unit of ≈ 80 m thickness and was subse-
quently sampled instead by multiple sites that were distributed through its vertical thickness. Site Na23 sampled
the lowermost portion of the large-scale Weˆreldsend quartz latite ﬂow and displayed single component reverse
polarity remanence [8/8 samples]. Sites lying stratigraphically above Na23, but still sampling the Weˆreldsend
[Na22, Na20 and Na21], displayed consistent normal polarity directions. Four possible explanations for this
were considered: [1] the ﬂow is a single unit which underwent complete thermal overprinting, down to ≈ 50
m, [2] the recorded lower magnetisation is secondary and a result of self-reversal of the primary remanence, [3]
during prolonged cooling of the ≈ 80 m ﬂow a reversal took place so only the basal chilled margin recorded
the primary direction, or [4] the unit is not a single ﬂow and is in fact composed of multiple ﬂows in the area
sampled, similar to observed sections at Terrace bay.
[1] Complete thermal overprinting of the upper Weˆreldsend would require conductive heating of the unit, as
a result of emplacement of the overlying ﬂow, to above 580◦C down to ≈ 50 m below the ﬂow top. Simple
‘back of the envelope’ calculations of thermal conduction suggest this is unlikely when considering that the
overlying ﬂow is ≤ 50% of the thickness of the Weˆreldsend and so the overlying unit would have cooled before
heat would have been conducted down to a depth of 50 m [using T = L2/κ where L is the length scale of
conduction and κ is thermal conductivity estimated at 10-6 Wm-1K-1, the overlying unit would cool in ≈ 30
years but it would take ≈ 80 years for the Weˆreldsend to be heated down to a depth of 50 m].
[2] Self reversals have been noted in rocks containing titanohematite where titanium content was between x
= 0.4 and x = 0.6 [Harrison et al., 2005]. A self-reversal test was conducted on a sample from Na23: ﬁrst
it was a.f. demagnetised, second it was imparted with a laboratory TRM, and third it was subsequently a.f.
demagnetised. There was no evidence of self reversal with the direction recorded being parallel to the applied
ﬁeld. If the ﬂow is considered to be one unit then it is also hard to explain a reason for the differing magnetic
mineralogy required across the ﬂow such that only the basal layer displayed self reversal. This is supported by
the strong similarity of the thermomagnetic curves from Na22 and Na23 that suggest little variation in the re-
manence carrier across the Weˆreldsend. These also provided Curie temperatures, 570 ± 10◦C and 550± 10◦C
respectively, suggesting titanium subsititution of x < 0.1, if of titanohematite composition rather than being
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titanomagnetite, and so not in the deﬁned range for self reversal [Harrison et al., 2005]. These self reversals are
also often associated with high levels of oxidation, however, as the site sampled the base of the Weˆreldsend this
is also less likely when compared to the ﬂow top, where oxygen should be more readily available for mineral
oxidation.
[3] A mid-cooling magnetic reversal could provide an explanation, however, the expected overlying multicom-
ponent remanence with high temperature components of reverse ﬁeld and varying low ﬁeld components was
not seen in Na22. Additionally, cooling of the unit would need to have taken >1000 yrs. This is likely to be
at least an order of magnitude greater than expected based upon simple quantitative reasoning estimations of
cooling time [i.e. assuming simple thermal conduction with heat lost from the top and bottom and so using
T = L2/κ where L is the length scale of conduction and κ is thermal conductivity estimated at 10-6 Wm-1K-1].
[4] The ﬂow is composed of multiple units as seen nearer the coast. To investigate this possibility, the results
of the geochemical analyses of Na21, Na22 and Na23 that were conducted for correlatory purposes in Chapter
3, are considered more carefully. As previously stated, Na23 samples the base of the ﬂow, Na22 samples the
middle and Na21 the top. When looking at both the ICP-AES geochemical data and the XRF data from these
three sites what is noticeable initially, is the clear progression in the silica values. Between the bottom and
the top of the Weˆreldsend there is a 3.8 wt% progression towards higher values as measured by ICP-AES with
values varying from 67.2 wt% at the base of the unit to 70.9 wt% at the top of the unit. This variation was
also recorded within the XRF data with a +4.0 wt% variation from 67.6 wt% to 71.7 wt%. This increase in
SiO2 towards the top of the unit could represent either within ﬂow differentiation during prolonged cooling
or the presence of multiple ﬂow units from a magma chamber becoming progressively more silicious due to
fractional crystallisation. Given the smaller errors using the XRF technique the values obtained by this method
were used to plot a ratio of some of the major and trace elements which display different trends. The following
major element ratios were plotted [K2O/SiO2] and trace element ratios [Ba/Sr], against stratigraphic position
[Fig. 4.12]. These graphs reveal that some elements display non linear variability with stratigraphic position,
i.e. they show no systematic trend in values across the unit with highs or lows in the middle of the ﬂow [Fig.
4.12]. They also reveal that some of the mineral constituents, which should behave similarly, display opposing
behaviour and this is much harder to explain by any continuous process during a single eruption and within a
single ﬂow unit [Fig. 4.12].
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When considering these recorded changes in composition through the Weˆreldsend quartz latite, the mode of
emplacement should also be considered. The quartz latites are taken to be rheoignimbrite ﬂow units and thus
the deposits of high grade pyroclastic ﬂows. These ﬂows are generally not compositionally homogeneous when
considering a vertical transect during emplacement, because the denser clasts contained within the ﬂow become
concentrated towards the base. This leads to an alternative explanation for the observed differences in compo-
sition. However, the Etendeka rheoignimbrites have been observed to show very little compositional variation,
either vertically or laterally during extensive geochemical studies of the province [Milner et al., 1992]. With
each unit being shown to be ‘remarkably uniform’ in composition [Milner et al., 1992], it is suggested that
compositional variation is not common for the more unusual Etendeka rheoignimbrites.
Subsequently, although the geochemical observations, alone, could not be taken to suggest multiple ﬂows with-
out full trace element determinations periodically through the ﬂow[s], when the palaeomagnetic observations,
the ﬁeld observations and the geochemical observations are combined, it is concluded that the likely explana-
tion, given the available data, is that the 80 m Weˆrelsend QL, comparable to observations in coastal regions,
consists of multiple ﬂows [Miller et al., 2008]. Further analyses, however, would be needed to prove this
conclusively.
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Figure 4.12: A plot showing a major element ratio [Potassium/Silica] and a trace element ratio [Barium/Strontium] with
the corresponding values given along the base[top] of the graph in black[red] respectively. The trends show non linear
variation with stratigraphic position through the ﬂow. The inset graph, with no absolute values, shows the trends of the
non ratioed elements through the ﬂow.
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4.4.2 Rock magnetics
Room-temperature rock magnetic data was then collected and analysed for samples from all sites that provided
useable directional magnetic data. For each of the lithologies sampled, hysteresis loops and backﬁeld curves
were conducted to characterise the size and domain state of the magnetic remanence carriers [Day et al., 1977,
Mena et al., 2006]. For a select number of sites, and all those displaying multi-component remanence, thermo-
magnetic analysis was conducted to characterise the mineralogy of the magnetic remanence carriers.
Hysteresis loops were generated for each site using rock chips obtained during the trimming of cores. From the
hysteresis curves, combined with back-ﬁeld curves, the following parameters were extracted: the coercive force
[Hc], coercivity of remanence [Hcr], saturation magnetisation [Ms] and remanent saturation [Mrs] [Appendix
B]. The ratios of these parameters [Mrs/Ms versus Hcr/Hc] are plotted on a ‘Day plot’ [Day et al., 1977] in
Figure 4.13 alongside several representative hysteresis loops. The majority [90%] of QL samples, alongside
99% of basaltic samples, fell within the pseudo-single domain [PSD] range according to Day et al., [1977], and
this is typical for lavas dominated by magnetite and titanomagnetite. However, for QLs a slight trend towards
multi-domain [MD] state can be noted [i.e. Et8 and Cm8], and for basalts the opposite trend, towards single
doman [SD] state, can be observed [i.e. Tg7]. No evidence outside of this suggests the QLs to be any less
capable of recording the remanence directions and although, when considering Et8 and Cm8, it is noted that
the method by which remanence magnetisation is recorded in MD sized grains is not well understood. The
consistency of both within-site specimen directions and the directions recorded by adjacent sites suggest they
record reliable directions.
115
0.1
Mag (Am2/kg)
Field (mT)
-0.1
-400      -200         0         200      400
Tg 7f
0.5
0.7
0.3
0.1
0
0.2
0.4
0.6
0.8
0           2         4          6          8         10         12           14
M    /M
H    /H
SD
PSD
MD
cr        c
rs          r
Mag (Am2/kg)
0.02
-0.02
Field (mT)
Et 15a 
-400              -200         0         200  400
0.03
-0.03
-400    -200       0     200      400 
Field (mT)
Mag (Am2/kg)
Et 18f 
Field (mT)
Mag (Am2/kg)
0
0.06
-0.06
-400       -200      200         400
Cm 8a
Et 8b
Mag (Am2/kg)
Field (mT)
-400    -200  0      200     400
0.1
-0.1
Figure 4.13: A ‘Day’ plot depicting the domain state of representative samples from all sites yielding stable palaeomag-
netic directions. Hollow symbols represent basaltic sites and ﬁlled symbols represent quartz latite units. Insets are small
hysteresis plots of the paramagnetically corrected data for individual samples illustrating examples of single domain,
pseudo-single domain and multi-domain state specimens.
The Curie temperatures [TC] of selected site lithologies were determined by measuring thermomagnetic curves
[Fig. 4.14]. The second-derivative method [Tauxe, 1998], with a ﬁxed running average of 5 was used for con-
sistency, with TC errors estimated to be at least ± 10◦C [Appendix B]. Only a limited number of sites were
chosen for thermomagnetic analyses [22], with preference given to those showing multi-component remanence
and those sites sampled in the earlier ﬁeldwork seasons.
The thermomagnetic curves are divided into three characteristic type groups: [1] those with multiple, clearly
deﬁned TCs [5/22] [e.g., Fig. 4.14a]; [2] those with a single TC > 500◦C, but ≤ 580◦C [14/22] [e.g., Fig.
4.14b/c]; and [3] those with a single high TC >580◦C [3/22], [e.g., Fig.4.14d]. The majority fall within the sec-
ond group indicating that titanomagnetites were the main remanence carrier with varying, but low, proportions
of Ti4+ substitution [x] [Fe[3-x]TixO4]. The titanium content ranged between x = 0 [TCs close to pure magnetite
at 580◦C], and x = 0.16, giving the lowest recorded TC of just over 500◦C [Akimoto, 1962]. The majority
of sites falling within this group also displayed strongly reversible heating and cooling curves, indicative of
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little alteration during the heating process. The third group, with much higher TCs, corresponds to those sites
also noted as having a deep red-orange colouration. This is likely due to the presence of hematite or partially
oxidised magnetite, which is in agreement with the higher TCs recorded. These curves are predominantly re-
versible, with only minor differences between the heating and cooling curves. The ﬁrst group can be split again
into curves which show multiple well-deﬁned TCs on the heating curve but not on the cooling curve and are
irreversible and those that show multiple TCs on both heating and cooling. The ﬁrst type of behaviour indicates
alteration and an inversion of magnetic minerals during the process of heating. The thermomagnetic curves
for, for example, Na8j, Na13g [Fig. 4.14a] and Na19i, are indicative of the inversion of [titano] maghemite to
[titano] hematite, commonly found in surface weathered rocks [references as in Dunlop and Ozdemir [1997]].
The NRM directions recorded by these specimens showed no deﬂection during the temperatures spanning the
inversion suggesting the remanence recorded was unaltered during this process and the site directions are thus
considered robust.
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Figure 4.14: Example thermomagnetic curves are presented. Plot a shows the curve of Na13g [normal single component
remanence]. Multiple Curie temperatures can be noted on the heating curve but only one on the cooling curve, this
suggests an inversion of the magnetic minerals recording the remanence occurred [see text for discussion]. Plot b shows
the curve of Na27g [two-component remanence ], this sample yields a single Curie temperature and a sharp intensity drop
off during demagnetisation suggestive of a single Curie temperature in the pure magnetite region [≈ 580◦C], the curves are
also strongly reversible suggesting minimal alteration of the magnetic mineral [magnetite] is occurring on heating. Plot c
shows the curve of Na2a [single component reverse remanence], this sample is again showing a single Curie temperature
this time in the titano-magnetite region [500-580◦C]. The heating and cooling curves again appear reversible although
some minor alteration is indicated with the reversibility weaker than seen in Na27g. Plot d shows the curve of Na25d, it is
reversible showing a single Curie temperature of 627◦C suggestive of titano-hematite being the main remanence carrying
mineral.
4.5 Magnetostratigraphy
Having established that those sites providing successful data can be considered robust, magnetostratigraphic
sections are established for the upper and lower sections of stratigraphy.
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4.5.1 The Etaka subgroup
The individual site results of the palaeomagnetic analysis of the Grootberg and Bergsig sections are shown in
Table 4.1.
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This data is also presented within ﬁgure 4.15. Both the Grootberg and Bergsig sections are plotted within a cen-
tral composite magnetostratigraphic section of virtual geomagnetic pole [VGP] latitude requiring adjustment
of the GPS heights of the Bergsig section reﬂecting the sub degree southern dip causing disparity in absolute
heights. The Grootberg section yielded directions from 27 individual sites, four of which record periods of
reverse polarity, with only three sites failing to provide useful palaeomagnetic data [Na1, Na3 and Na26]. The
Bergsig section contains results from six individual sites, all of which are of normal polarity. Poor exposure
prevented sampling of the lowermost Weˆreldsend in the Bergsig section.
Taken as a whole the grouped data from the Grootberg and Bergsig sections passes both the McFadden and
Lowes [1981] and the McFadden and McElhinny [1990] reversal tests [Grade C: δc = 14.26, δo = 11.26].
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Figure 4.15: Palaeomagnetic directions of the Grootberg section and the Bergsig section. Sites are presented along
with their individual polarities [sites recording normal polarities are presented as black and reverse as white], the sites
represented by grey symbols are those that failed to provide a consistent direction. A central plot of virtual geomagnetic
pole [VGP] latitude with altitude is also presented [failed sites are not represented on this]; both the Grootberg section
and the Bergsig section are presented on a single VGP plot here, with the Bergsig absolute altitudes adjusted to their
appropriate heights on the larger Grootberg section. Inset b shows a stereonet including all of the site mean data. The
circles of 95% conﬁdence are shown for the reverse and normal site polarities respectively.
4.5.2 The Awahab subgroup
When considering the sections sampling the Awahab sequence it is noted that both the Messum and Tafelkop
sections are dipping, and so bedding corrections were therefore made for sites from these sections [Table. 6].
In the area sampled for the Messum section, the sites were all dipping at 140/11◦to within 1◦. For the Tafelkop
section the sites were dipping uniformly at 140/5◦. For the Etaka subgroup GPS heights were used to plot
site relative positions. In the Messum region GPS heights alone cannot provide the correct site relationships
because of the minimal change in height seen in the Messum region. Consequently, the relative stratigraphic
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positions of sites was noted in the ﬁeld and these were then used alongside relative position, dip and altitude to
establish an absolute vertical stratigraphy [See Table 4.2]. The step by step calculations are shown below:
1. The relative stratigraphic positions of the sites were projected up dip onto a single section at a radial
distance of 16000m using their site radial distance from the approximate crater centre [21◦25’ 0” S,
14◦12’ 55” E] and the 11◦dip measured for the strata from all sites [col4=A+[[16000-R]tanD]] where
col4 = column 4, A = altitude, R= site radial distance and D = bed dip [Table 4.2].
2. All site positions were then returned to horizontal, i.e. the site separations were corrected to reﬂect true
bed thickness separations [col5=[col4]cosD] where col5 = column 5 and D = bed dip [Table 4.2].
3. The relative heights were recalculated assuming Fa10 was the base [col6=[col5]-X] where col6 = column
6 and X = height of Fa10 in col5 [Table 4.2]
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Table 4.2: Calculations of Messum section sites relative stratigraphic positions. GPS heights, radial distances [RD] [from
the approximate crater centre of 21◦25’ 0” S, 14◦12’ 55” E] and the 11◦dip on beds [parallel to radial lines from crater
centre] are used to calculate the true relative stratigraphic positions.
Site GPS Distance from Relative Stratigraphic Heights with
altitude crater centre altitudes at a heights corrected base at FA10
[m] [m] RD of 16000 [m] for 11◦dip [m] [m]
Et16 612 11659 1456 1429 96
Et17 441 8483 1902 1867 535
Et18 457 9130 1792 1759 427
Et19 437 9153 1767 1735 403
Et20/Fa8 441 9764 1653 1623 290
Et21 455 10287 1565 1537 204
Et22 582 11118 1531 1502 170
Et23 545 11328 1453 1426 94
Et24 509 11434 1397 1371 38
Et25 569 15709 626 614 -719
Fa9 488 11325 1397 1371 38
Fa10 512 11650 1358 1333 0
Tg17 499 11174 1437 1411 78
Tg18 510 11383 1407 1382 49
Tg19 526 12346 1236 1214 -119
Cm19 445 9165 1774 1741 408
Cm20 446 9374 1734 1702 369
Cm21 446 9530 1704 1672 340
Cm22 487 11261 1408 1382 50
Cm23 494 11549 1359 1334 2
Cm24 507 11122 1455 1428 96
Cm25 511 11118 1460 1433 101
Cm26 518 11097 1471 1444 111
Cm27 528 11081 1484 1457 124
Pr19 447 8707 1865 1830 498
Site-level palaeomagnetic data are shown in Table 6. Although a higher proportion of the sites below the uncon-
formity fail to yield consistent palaeomagnetic directions [discussion follows], a coherent magnetostratigraphy
was still evident. Working from the base of stratigraphy upwards, in the Tafelkop section, 14/19 sites yielded
consistent palaeomagnetic directions with seven sites recording reverse polarity. In the Messum section, 10/26
sites yielded consistent palaeomagnetic directions, with ﬁve of these sites recording reverse polarity. The one
site sampling the Copper Valley basalt, which ﬁts stratigraphically within the Messum section, recorded reverse
polarity. A number of individual sites sampled the Springbok section in two localities. On the road to Torra
Bay, 2/4 sites yielded consistent palaeomagnetic directions and both recorded normal polarity. On the Dama-
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raland track the Springbok quartz latite recorded a normal polarity whereas the underlying basalt recorded a
reverse polarity [2/2 sites yielded consistent directions]. In the Fonteine section, 8/11 sites yielded consistent
directions. These sites spanned and sampled two individual quartz latite units, a differentiation supported by
intervening basalt units and by bulk rock geochemistry which places the units in different quartz latite ﬁelds, ac-
cording to the FeO versus TiO2 separations of Marsh et al. [2001]. The upper [Springbok] quartz latite recorded
normal polarity [Et11], whereas the lower [Goboboseb II] quartz latite recorded reverse polarity [Et8]. Both of
these observed polarities correlate with those obtained for these quartz latite units at other sites and sections as
previously discussed.
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This data is also presented as Fig. 4.16, within which, alongside the magnetostratigraphy of the individual
sections, a central composite magnetostratigraphy is also presented. In constructing the central composite mag-
netostratigraphy altitudes for the Messum and Tafelkop sections have been directly projected into a common
vertical framework based on their dip and the radial distance of the site from the approximate centre of the
Messum crater [21◦25’ 0” S, 14◦12’ 55” E]. The Tafelkop section represents the lowermost Etendeka stratigra-
phy, the base of which is taken as 0 m, and which samples up to ≈ 50 m below Goboboseb unit I. The lowest
unit sampled in the Messum section falls just below the Goboboseb unit I. These two sections are subsequently
stacked with the relative heights between sites of the Messum section taken from Table 4.2. The Copper Valley
basalt site has been placed in its correct stratigraphic position according to the available literature of Marsh
et al. [2001] and Miller et al. [2008]. Springbok I has been placed in its relative position at the top of the
sampled stratigraphy above the Messum Mountain basalts and for the Springbok II and Fonteine sections the
vertical distances between sites were stretched in order to ﬁt the existing composite section while respecting
their relative stratigraphic positions and assuming the minimum number of reversals.
Taken as a complete section this data passes both theMcFadden and Lowes [1981] and the McFadden and
McElhinny [1990] reversal tests reversal tests [Grade C: γc = 11.0, δo = 9.12].
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Figure 4.16: Palaeomagnetic sections and individual sites sampling the lower Awahab subgroup. For the individual
sections the sites altitudes given are taken straight from GPS readings. For the central composite magnetostratigraphy
altitudes for the Messum and Tafelkop sections have been directly projected into a common vertical framework based
on their dip and the radial distance of the site from the approximate centre of the Messum crater [21◦25 0 S, 14◦12 55
E]. The Copper Valley basalt site has been placed in its correct stratigraphic position. In the case of the Springbok and
Fonteine vertical distances between sites have been stretched in order to ﬁt the composite section while respecting their
correct relative stratigraphic positions. Inset b shows a stereonet including all of the site mean data. The circles of 95%
conﬁdence are shown for the reverse and normal site polarities respectively.
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4.6 Discussion
Of the sites sampled, 70/99 provided consistent magnetic directions with the majority of site failures attributed
to lightning induced secondary IRMs. There is a clear disparity between failure rates when comparing the
sites sampling the Etaka and Awahab subgroups respectively. Only three sites sampling the Etaka subgroup
failed to provide consistent remanence directions, whereas 26 failed from the Awahab subgroup. Of these 26,
18 were sites sampling the southern region [Messum/Tafelkop]. This higher failure rate was attributed to two
possible aspects of sample locality: [1] the rocks sampled in the Messum area provide the only considerable
topography in the region, with the exception of Brandberg mountain to the east, and so may be more likely
to have been struck by lightning than the sampled regions in the north, where there is a considerably higher
density of topographic highs; and [2] the northern sites sample mainly road cuts while samples from the south
were taken predominantly from natural outcrop. However, the Bergsig section to the north which sampled only
natural outcrop showed no site failures. This creates an apparently lower resolution magnetostratigraphy in the
Messum region, which is a function of both this higher failure rate and an increase in scree cover.
Rock magnetic data identiﬁed the main remanence carrier as predominantly titanomagnetite, as expected in
volcanic rocks, with the majority of samples falling within the pseudo-single domain region with no deﬁnite in-
dication of systematically larger grain sizes for the more silicic units. Thermomagnetic analyses also revealed
minimal alteration of the magnetic mineralogy on heating supporting the robustness of the directional data.
This resistance to heating also suggests the possibility of obtaining reliable palaeointensity estimates from the
Etendeka volcanics. Summarising the recorded palaeomagnetic directions from above and below the uncon-
formity it can be seen that sections sampling the Etaka subgroup recorded a total of seven individual magnetic
chrons [four of normal polarity and three of reverse polarity]. Sections sampling the Awahab subgroup, when
combined, record a total of nine magnetic chrons [ﬁve normal polarity chrons and four reverse polarity chrons]
with four of these magnetic chrons from the lowermost Tafelkop stratigraphy below the ﬁrst quartz latite unit,
the Goboboseb.
For the majority of sites the sun compass core orientation data was used, however for some, the magnetic ori-
entation was used when the difference between the sun and magnetic core orientations was less than 5◦. Below,
is a histogram showing the difference between the measured magnetic and sun compass core orientation data
for all samples used. The data should show a normal distribution about 0◦difference, as there should be no
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statistical trend in the scatter between the sun and magnetic measurements. The normal distribution ﬁt through
the data clearly approximates this, and the curve is presented in Figure 4.17. Appendix D presents the data
tables for the Etaka and Awahab subgroups recalculated using the sun compass orientations for all sites when
available (handsample orientations were only magnetically measured). The combined VGPs from this reanaly-
sis are comparable to those presented above and so do not alter the results of this study.
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Figure 4.17: Histogram showing the difference between sun compass and magnetically derived core orientation data. The
bin size is 1◦steps and the cut off for using magnetically derived orientation data was a 5◦allowed variation. The normal
distribution curve, ﬁt through the data, is also presented (black curve) and returns a σ value of 3.8.
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4.6.1 New palaeomagnetic poles
This new palaeomagnetic data allowed the calculation of two new, high quality palaeopoles for southern Africa
from both the Etaka and Awahab site VGPs. These had values of, Plat: -47.2◦, Plong: 84.2◦, A95: 4.7◦and Plat:
-52.3◦, Plong: 91.7◦, A95: 6.1◦, respectively. Both of these new poles are comparable with existing poles at ≈
130 Ma for the global apparent polar wander path [APWP] in South African co-ordinates [Plat: -49.3◦, Plong:
80.9◦, A95: 2.8◦] and the Gondwana APWP [Plat: -49.5◦, Plong: 81.1◦, A95: 4.4◦], from Torsvik et al. [2012]
[Fig. 4.18]. They are also in good agreement with the synthetic poles for South Africa at 130Ma [Plat: -49.5◦,
Plong: 94.2◦, A95: 7.4◦] and 135Ma [Plat: -49.5◦, Plong: 95.4◦, A95: 5.6◦] from Besse and Courtillot [2002]
[Fig. 4.18]. Given the 5◦scatter between the sun compass and magnetically derived orientation data, the A95
circles could be considered as 5◦larger than presented in Figure 4.18. When this additional error is considered,
the Etaka and Awahab VGP directions become comparable.
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4.7 Concluding remarks
• Rock magnetic data supports the recording of robust palaeomagnetic directions by the volcanics of the
Etendeka, with the majority of samples falling within the PSD region and showing Curie temperatures
indicative of lavas dominated by titanomagnetite.
• The majority of sites subjected to thermomagnetic analyses also indicated little/no evidence of alteration
to the magnetic mineralogy on heating. Such resistance to heating supports resampling and analyses for
palaeointensity based studies.
• The Weˆreldsend quartz latite, whose architecture was ﬁrst discussed in Chapter 3, is concluded to be
represented by multiple ﬂows in the region of the Grootberg section, similar to its coastal occurrences
with the lowest ﬂow recording a reverse polarity chron and the upper ﬂows instead recording normal
polarity.
• The volcanic stratigraphy of the Etaka subgroup which samples above the Etendeka unconformity records
a total of seven magnetic chrons.
• When sections sampling below the unconformity are combined a total of nine magnetic chrons were
recorded by the volcanic stratigraphy of the Awahab subgroup.
• Two new, high quality palaeopoles for South Africa are presented, for above and below the intra-Etendeka
unconformity. These are consistent witith existing poles, both synthetic and from the data generated
APWPs for South Africa and Gondwana spanning the time of province activity.
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Chapter 5
Assigning a duration to Parana´ – Etendeka
volcanism
5.1 Overview
Having compiled palaeomagnetic sections for the upper and lower stratigraphy, a composite magnetostratig-
raphy spanning the unconformity is established to determine a minimum duration spanned by the sampled
Etendeka volcanics. Any continuous sections were also analysed for directional groups in order to characterise
the nature of volcanic activity. Given the small portion of the entire Parana´ – Etendeka province represented
in Namibia these new palaeomagnetic sections were then compard with those available for the Parana´ portion
of the province. Finally, the impact of the newly determined minimum duration is examined when considering
the environmental impact possible following such volcanic activity.
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5.2 A new magnetostratigraphic record
In Chapter 4 the palaeomagnetic directions of the Awahab and the Etaka subgroups were presented separately
and were based upon two assumptions: [1] no sites represent sills rather than ﬂows and, [2] no additional chrons
went unsampled. Whether these two sections are stacked or correlated across the intra-Etendeka unconformity,
or disconformity II [Milner et al., 1994, Jerram et al., 1999, Miller et al., 2008], which divides them, is im-
portant for determining the duration of province activity. In Chapter 2 the proposed correlation in Marsh and
Milner [2007] is brieﬂy discussed, whereby the single reverse chron recorded within the Renne et al. [1996b]
palaeomagnetic sections [Tafelberg [N-R-N], Awahab [N-R-N] and Tafelkop [N-R]] was correlated. In support
of this, correlations of basaltic ﬂows between sections are presented, though no comparison of the magnetic di-
rections for these ﬂows was offered which, if sampling the same ﬂow, should yield statistically indistinguishable
values. Considering the new, more detailed palaeomagnetic sections presented in Chapter 4 [Figure 4.15 and
Figure 4.16], the large number of previously un-identiﬁed reversals should be highlighted. Not only do these
weaken the correlation of a single reverse polarity chron, but the majority of additional chrons are outside the
suggested region for correlation. It was concluded that the Etaka and Awahab sections were not equivalent and
should therefore be stacked rather than correlated. A full composite Etendeka magnetostratigraphy was thus
constructed, using all available unit polarities including those of Renne et al. [1996b] for the Nil Desperendum
and the ﬂow just below Goboboseb I [Marsh et al., 2001] [Fig. 5.1]. The reverse chron recorded near the base of
the Tafelberg section from Renne et al. [1996b], lying stratigraphically somewhere below the Nil-desperendum
unit, however, was not included within this composite stratigraphy because of it’s position within the hard to
correlate basaltic units and because of the controversy regarding its correlation with the Awahab subgroup.
This means linking the sections would have no effect on the estimate of overall duration of volcanism, given
that only one newly noted reverse chron could correlate between sections and this would, according to Marsh
and Milner [2007], correlate with the reversal below the Nil-desperendum in the Etaka subgroup and which is
not included within the new sections. This suggests that Etendeka activity spanned a minimum of 16 polarity
intervals, taking the minimum number to satisfy stratigraphic relationships below the unconformity.
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Figure 5.1: A new composite magnetostratigraphy for the Etendeka. On the right is a column showing the magnetostratig-
raphy of the individual sections sampled. The red circles highlight the unit polarities used from Renne et al. [1996b]. On
the left is the magnetostratigraphy compiled across the intra-Etendeka unconformity.
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5.3 Across the Atlantic
Marsh et al. [2001] present correlations of the Parana´ and Etendeka QLs with four sections [BM, TA, PC and
RA], in both Ernesto and Pacca [1988] and Milner et al. [1995], presenting stratigraphy and corresponding
palaeomagnetic sections [see Chapter 2, Table. 2.1]. Although it is not possible to link complete palaeomag-
netic sections across the Atlantic, it is possible to check for the expected polarity correlation between equivalent
QLs [Fig. 5.2]. The unit equivalents in the Parana´, of the Grootberg, Springbok and Goboboseb, record the
same polarity. The two Weˆreldsend equivalents display normal polarity as seen in the upper Weˆreldsend rather
than the basal reversal, however, given the known lateral variation of this unit and numerous ﬂows, it is unclear
if the lower Weˆreldsend is present or sampled in these Parana´ sections.
Although the basalts cannot be directly correlated, common features can be observed between the sections,
e.g., in the TA section a reverse polarity interval is observed between the Grootberg and Springbok equivalents.
A reversal also occurs below the Springbok and Goboboseb equivalents in the BM and TA section and indeed
below the basal lowest quartz latite in all sections. In summary, although sections cannot be correlated fully,
the Parana´ sections do seem to agree with the new sections obtained from the Etendeka, and highlight a more
complex magnetostratigraphy than was presented in Renne et al. [1996b]. This new study thus echoes the sug-
gestion of >10 reversals in Milner et al. [1995] for the Parana´ magnetostratigraphy.
The Etendeka QLs are sometimes noted as showing local evidence of hydrothermal alteration. The possibility
that the magnetisation measured is secondary is therefore considered. Numerous reversals are recorded within
the sections. If magnetisation was gained later by hydrothermal alteration uniformly effecting the whole lava
pile, only a single polarity should be recorded. The recording of multiple polarities therefore suggests instead
that, if hydrothermal alteration had resulted in secondary magnetisation, that the remanence of only discrete
layers was effected, with the QLs the most likely candidate for alteration due to showing the greatest indication
of hydrothermal activity. However, above, it is noted that the QL unit equivalents in the Parana´, generally,
record the same polarity and, given their large lateral extent, it therefore seems unlikely that this is a later
secondary magnetisation and it is concluded that the ChRM directions are the result of primary thermoremanent
magnetisation. Subsequently, it is suggested that the recorded magnetostratigraphy is capable of providing a
minimum duration of Parana´ – Etendeka activity and perhaps a better indication of the style of this activity,
given that it samples regularly across the full Etendeka stratigraphy of the main province.
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Figure 5.2: A diagram showing the available magnetostratigraphy from Ernesto and Pacca [1988] and Milner et al. [1995]
for the Parana´. Alongside this, the new magnetostratigraphic data constructed for the Etendeka is shown. The quartz latite
correlations used are those presented in Milner et al. [1995], Marsh et al. [2001].
5.4 A volcanic timescale for the Etendeka
The GPTS of Gee and Kent [2007] is used to estimate the duration of volcanism, assuming both the GPTS
is accurate and that the reversal stratigraphy is correct. The Etaka stratigraphy is dominated by units record-
ing normal polarity punctuated by periods of reverse polarity, whilst in contrast, the Awahab stratigraphy is
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characterised by a dominantly mixed polarity state. For the GPTS, this apparent change in the predominance
of normal and reversed polarity occurs at Chron 12[r/n]. This is then compared to the constraints offered by
the published 40Ar/39Ar ages of Renne et al. [1996b] after recalculating these ages to the later Fish Canyon
Sanidine [FCS] age of Renne et al. [2010]1.
The new values allowing recalculation for the FCS [Renne et al., 2010] are as follows:
λTOT = 5.5492 x 10-10 a -1 [Total 40K decay constant]
λβ = 4.9737 x 10-10 a -1 [Partial decay constant for 40K →40Ar]
λE = 0.5755 x 10-10 a -1 [Partial decay constant for 40K→40Caβ−]
κFCS = 1.6418 x 10-3 [40Ar*/40K ratio] where 40Ar* denotes radiogenic 40Ar]
Age = 28.305 ± 0.036 Ma
Old values for the FCS used in Renne et al. [1996b]:
λTOT = 5.543 x 10-10 a-1
Age = 27.84 Ma
First, equation 5.1 is used to calculate Ri which deﬁnes the relationship between the sample and the standard
used in Renne et al. [1996b] for each calculated age. This is then substituted into equation 5.2 alongside the
new values for the FCS from Renne et al. [2010], as above, to calculate the modiﬁed age:
Ri =
eX − 1
eY − 1 (5.1)
where X = λTOTti and ti = sample age from Renne et al. [1996b] and Y = λTOTtFCS and tFCS = age of FCS used
in Renne et al. [1996b] age calculation
trecalculated =
1
λTOT
ln[1 + [
λTOT
λE
[Ri][κFCS]] (5.2)
1Three of the four ages presented are used because the exact stratigraphic position of the fourth is unclear; it samples a Tafelberg
basaltic unit rather than a quartz latite
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Table 5.1: Recalculation of the absolute ages of Renne et al. [1996b] to the new FCS age from Renne et al. [2010]. The
* marks the age that was not used due to being obtained from a Tafelberg basaltic unit whose exact position within the
overall stratigraphy is unknown.
Sample Age [Ma] Eq 1 Age [Ma]
Number Renne et al. [1996b] Ri Renne et al. [2010]
ET94-13 132.0 4.88 134.1
ET94-16 131.9 4.88 134.0
ET94-14 132.1 4.89 134.2
ET94-23* 132.3 4.89 134.4
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The correlations based upon the characteristics of magnetostratigraphy broadly concur with the constraints of-
fered by the published 40Ar/39Ar ages of Renne et al. [1996b] post recalculation and the magnetostratigraphy
and the GPTS is therefore linked using Chron 12n/r as the central tie point [Fig. 5.3].
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Figure 5.3: The new composite magnetostratigraphy from Figure 5.1 for the Etendeka is linked to the geomagnetic
polarity timescale [GPTS] using three out of the four absolute ages of Renne et al. [1996b], with the stratigraphic positions
of these ages indicated. The grey arrow on the left hand column indicates the duration of the proposed link to the GPTS
discussed below and the red arrow indicate the duration and link if any chrons deﬁned by only one site are discounted
(the timeframe for both (ΔT) is indicated). Inset shows the magnetostratigraphy of Renne et al. [1996b], Marsh et al.
[2001]. Abbreviations: B, Beacon quartz latite; GBG, Grootberg quartz latite; WE, We´reledsend quartz latite; ND, Nil
Disperendum latite; SPK, Springbok quartz latite; GBS, Goboboseb quartz latite.
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The duration of the intra-Etendeka unconformity is unknown. Given that the polarity does not change across
the unconformity it is suggested that it occurs within Chron 12n representing a substantial period of rapid ero-
sion within this 250 kyr period. This is broadly consistent with both the published absolute ages spanning
this interval that are within error [Renne et al., 1996b], and the conclusions of Wanke [2000] who argued that
the unconformity represents a period of very rapid erosion facilitated by the large area of fresh volcanic rocks
undergoing rapid alteration and erosion. The estimated duration is therefore presented as a minimum [it is as-
sumed that the unconformity does not span two reversals]. If the erosional period represented a long proportion
of Chron 12n, then the relative rates of extrusion before and after the unconformity would have to be high,
however, given that a large proportion of the accumulated thickness within Chron 12n pertains to the three
voluminous ﬂows of the Springbok QLs, apart from high individual ﬂow volumes, an overall spike in extrusion
rates is not suggested.
Using the central tie point to the GPTS, the long period of normal polarity seen at the top of the province can
be matched to Chron 11n and the normal polarity recorded at the base of the stratigraphy can be tentatively
matched to Chron 15n. Assuming this correlation to be correct, volcanic activity lasted a minimum duration of
≈ 4 Myrs which is comparable to the≈ 3 Myr estimate based upon existing absolute ages of Janasi et al. [2011]
with this estimate tending to increase rather than decrease if the central tie point is shifted while keeping the
same number of reversals2. The duration would also increase if additional reversals were added during the time
represented by the unconformity. It should also be highlighted here that for the purpose of this study and corre-
lation to the GPTS, the absolute ages and their published errors from Renne et al. [1996b] are used. However,
the author acknowledges that the actual errors on these ages could be up to 1 % of the total value (≈ 1 Myr)
due to the often forgotten errors resulting from the value of the standard. This could push the central tie point
with the GPTS to 131.6 Ma (Cm11r.1r) or ≈ 135.2 Ma (Cm14r), with these end members producing estimated
durations of ≈ 3.6 - 6.5 Myrs based on alternative correlations with the GPTS. Though these correlations are
not considered further, it is important to note that the overall duration does not seem to vary greatly from the ≈
4 Myrs gained by the correlation supported here and so would be unlikely to have any effect on the conclusions
of this study.
2The time-frame can only be signiﬁcantly reduced if the number of reversals is reduced i.e. if one assumes, for example, that where
chrons are deﬁned by only 1 site they cannot be included, the number of reversals would be reduced to 10 and the time-frame could be
reduced to ≈ 2.5 Myrs using the same tie point [see Fig. 5.3].
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5.5 Tempo of volcanism
Secular variation of Earth’s magnetic ﬁeld, occurring as a result of internal variations in its generation and so
dynamo action, results in variation on a timescale of hundreds to thousands of years. This secular variation
results in instantaneous palaeomagnetic poles being scattered about the time averaged mean ﬁeld. Two consec-
utive lava ﬂows showing identical directions may therefore have been erupted in a short interval in order that
no secular variation of Earth’s ﬁeld was recorded [Mankinen et al., 1985]. A group of adjacent ﬂows showing
indistinguishable directions is therefore known as a directional group [DG]. Directional group analysis, with
various cut-offs, has now been applied to a series of continuous sections from various provinces including the
Greenland traps [e.g., Riisager et al., 2002], the Central Atlantic magmatic province [e.g., Knight et al., 2004]
and the Deccan traps [e.g., Chenet et al., 2008] with the identiﬁcation of large DGs suggesting pulsed magmatic
activity and short eruptive climaxes. The DG criteria of Chenet et al. [2008] is used to analyse the continuous
sections of my palaeomagnetic data but note that by doing so it is assumed that the characteristics of secular
variation at ≈ 135 Ma are similar to those observed today. Palaeomagnetic data from the continuous portions
of the upper and lower sections were analysed. This included analysis of the Grootberg section [Pr14-Pr18],
Tafelkop section [Et15-Tg5] and the lower Messum section [Et24-Cm27] [Table. 5.2]. The analysis found only
two DGs, both found within the upper Grootberg section, one consisting of only a pair of ﬂows and one of four
successive basaltic ﬂows equating to only ≈50 m [<5%] of the total accumulated thickness. This lack of di-
rectional groups suggests that the eruption of the Etendeka volcanic stratigraphy was non-pulsed and sufﬁcient
time [>500 years] elapsed between ﬂows such that secular variation was recorded [Chenet et al., 2008].
Table 5.2: The palaeomagnetic results of lava ﬂow directional group analysis following the method outlined in Chenet
et al. [2008]. Only those sections considered to be continuous were analysed [i.e. those with few unsampled ﬂows, based
upon ﬁeld observations]: Grootberg section [Pr14-Pr18], Tafelkop section [Et15-Tg5] and the lower Messum section
[Et24-Cm27]. Notation as follows: n is the number of sites contained within the directional group, Dg / Ig are the mean
declination and inclination of the directional group; k and α 95 are parameters of Fisher [1953] statistics. In the case of n
= 2, α 95 cannot be calculated and so the value of σ =
√∑
[[α95[1]]2 + [α95[2]]2] and angular distance δ are listed.
Section DG Sites n Dg Ig k α95 σ[deg] δ[deg]
Grootberg DG1 NA13,NA14 4 323.3 -51.2 1608 2.3 - -
NA16,NA17
Grootberg DG2 NA18,NA19 2 327.2 -48.1 - - 9.8 4.9
Lower Messum NONE - - - - - - - -
Tafelkop section NONE - - - - - - - -
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When using this secular variation method, however, the key assumption that palaeosecular variation [PSV]
would exhibit the same characteristics, constraints and timeframes as have been observed at present, must be
carefully considered. Suggestions have been made that PSV may vary with the reversal rate and so through
time, with periods of stability, i.e. where the reversal rate is low, showing low rates of PSV [Bloxham and Gub-
bins, 1985, Biggin et al., 2008]. Other studies, however, suggest PSV was consistent both before and during the
CNS and so dispute this suggested variability [e.g. Solano et al., 2015]. Given these alternating opinions, and
when considering the large volume of latitudinally-dispersed data sets required for truly robust constraints to
be placed upon past PSV, this method was not used to deﬁne an absolute timeframe for Etendeka extrusion and
instead used only to assess the nature of volcanism. The effects of varying PSV should be considered however,
i.e., for adjacent ﬂows showing no directional grouping, lower rates of PSV would increase the time required
between ﬂows such that they would record distinct ﬂow directions, while with increased rates of PSV the time
needed between ﬂows would decrease. Given that the average reversal rate at 135 Ma is approximately half that
of the last 10 Myrs [Gee and Kent, 2007], if PSV does vary and is less when reversal frequency is lower, then
non-grouped sections would require longer between eruptions to record secular variation, further supporting a
protracted duration of volcanism.
Using Figure 5.3, an estimate of the accumulated thickness across the province and across the time of formation
was also calculated, presented as Figure. 5.4. The plot of the estimated cumulative volcanic thickness against
time shows no evidence to suggest Etendeka activity was pulsed, instead showing a broadly constant rate of
accumulation. The dashed line is a simpliﬁed representation of the possible time averaged form for Deccan
volcanism, where most of the province thickness/volume is thought to have been accumulated across only a 1
Myr period of major pulsed activity with slow rates preceding and postdating this period.
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Figure 5.4: A plot of accumulated thickness, as a proxy for volume, with respect to time [calculated from the suggested
correlation with the GPTS in Figure 5.3]. The dashed line is a possible representation of the likely form of Deccan
volcanic activity for comparison, with the majority of the province thickness/volume accumulated over a 1 Myr period of
major activity. The arrows mark the changes in average accumulation rate. The red banners mark the approximate time
of quartz latite extrusion which would cause local jumps in accumulated thickness.
The plotted accumulation rate can be split into an initial period, with a rate of ≈ 140 m Myr-1 which is main-
tained until ≈ 2.5 Myrs post onset, followed by a period of accumulation at a higher rate of ≈ 440 m Myr-1
lasting for ≈ 1 Myr and followed by a ﬁnal lower rate which marks the tail-end of volcanism in the Etendeka.
The individual silicic ﬂows [their approximate positions marked by red bands] would cause localised jumps in
thickness as a function of their considerably greater volume when compared with the much thinner, but more
numerous, basaltic ﬂows. Of course, accumulated thickness is not a direct measure of volume, given that it
is a 2D measure of a 3D process, however, despite the lateral extent of many of the silicic units being well
constrained and mapped, for most of the much thinner individual basaltic ﬂows this is not well established and
so an attempt to provide volume-time estimates would be, at present, ﬂawed.
Nonetheless, ﬁgure 5.4 suggests that between 2.5 Myrs and 3.5 Myrs post onset, ≈ 55% of the thickness of the
Etendeka was emplaced and therefore upwards of half the province volume may have erupted during only a 1
Myr period. This is comparable to activity in the Deccan, though this represents a smaller portion of the overall
volume i.e. for the Deccan LIP ≈ 80% of the volume was thought to have been emplaced within a 1 Myr period
[Courtillot et al., 1986]. So, if a large portion of the Etendeka LIP was, similar to the Deccan, emplaced over
only a 1 Myr period, then the overall duration may not be the cause of the difference in the effects seen post
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volcanism.
The results of directional group (DG) analysis suggest this difference in effects is instead the result of contrast-
ing styles of volcanism during this 1 Myr period, indicated by the available continuous magnetostratigraphy
for both the Deccan and the Etendeka provinces. For Etendeka volcanism, a distinct lack of large volume DGs
were found with the exception of two minor directional groups in the upper portion of the stratigraphy. This
suggests that the volcanic activity of the Etendeka was characterised by steady state volcanism across the 1
Myr period, with upwards of 500 years separating each ﬂow. This is in complete contrast to the high number
of large volume DGs noted for other provinces such as the Deccan LIP, which suggest pulsed volcanism within
this 1 Myr period with only a few years between the individual ﬂows comprising a single, but large volume,
directional group.
5.6 Volatile release
For provinces such as the Deccan traps, where large volume DGs are found, considering the individual volatile
release of only a single ﬂow would be unrepresentative, if trying to establish the effect of any volcanism on the
climate and subsequently on the biosphere. For those provinces, where multiple ﬂows are erupted in a short
time-frame, the effects of any volatile release would become superimposed, with the climate effects of any
preceding ﬂow(s) still being present at the time of the following eruption and so resulting in the need to sum
these effects. It is this build up of climatic effects, resulting from the lack of climate recovery time between
eruptions, that would cause the drastic, long term climate effects required to cause a major collapse of the bio-
sphere. For provinces where DGs are not seen, such as the Etendeka, the effects of a single ﬂow would have to,
alone, cause extreme climate ﬂuctuations over a prolonged time period and this possibility is investigated below.
The instantaneous gas ﬂux rates across Parana´ – Etendeka extrusion are hard to estimate given the lack of known
individual ﬂow volumes for the major, Tafelberg and Tafelkop basaltic sequences. The release of volatiles, es-
pecially sulphur, however, is now considered to be the main cause of any environmental impact following
volcanism [Chenet et al., 2008] and so crucial to understanding the varying effects of different provinces. Con-
sequently the individual volatile release of a single ﬂow from the numerous basaltic ﬂows which comprise most
of the province, was estimated. This does not include the thicker but localised ﬂows such as the Copper valley
basalt, and concentrates on the more common and voluminous Tafelberg and Tafelkop ﬂows by estimating a
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possible ﬂow extent and average thickness. It is assumed that each of these minor ﬂows extends half of the
distance travelled by the Springbok and Goboboseb QLs [>240 km], and so across a region that can be approx-
imated by a circle of radius 60 km with an average thickness of 15 m. The total ﬂow volume would then equal
170 km3 which is likely to provide a maximum.
Given this volume, CO2 release can be calculated, assuming a density of 2750 kg m-3 and a pre-eruptive CO2
content of both 0.5 wt%, as in Lange [2002] and Self et al. [2006], and 2 wt%, as suggested by Wallace and
Anderson [2000]. The latter value is often considered to be a particularly high estimate for the pre-eruptive
CO2 content for ﬂood basalts, however, given that the mode of province generation is still debated, with some
suggestion of crustal contamination involved in melt generation that could lead to a higher available volatile
content, both values were calculated. With a pre-eruptive CO2 content of 0.5 wt % [2 wt%] in the melt, a total
of 2.3 Gt [9.3 Gt] 3 of CO2 would be released per ﬂow.
Callegaro et al. [2014] have recently suggested that, for the Parana´ – Etendeka lavas, the source magma had con-
siderably lower magmatic sulphur compared to other provinces such as the Deccan traps. This was based upon
the concentrations of sulphur measured within clinopyroxenes and upon experimentally derived crystal-melt
coefﬁcients. The Deccan traps were found to contain 1900 ppm sulphur but the Parana´ – Etendeka volcanics
were found to contain only 800 ppm. Using the same estimate of ﬂow volume as in the calculations for CO2,
the equivalent release of SO2 was calculated to be 0.7 Gt per ﬂow. The silicic ﬂows are also considered using
the same method, though their primary gas content is likely to be different, and for the largest Springbok ﬂow
provides totals of 29 Gt of CO2 and 9 Gt of SO2.
As previously noted, given the lack of any major directional groups, the majority of ﬂows could have seen
upwards of 500 years before the following ﬂow was emplaced [Chenet et al., 2008]. Because of this, for any
major climatic pertubation a single ﬂow (basaltic or silicic), would have to, alone, be responsible because the
discrete nature of volcanism would not allow the build up of these volatiles, with the periods of quiesence be-
tween eruptions allowing time for volatile recycling and for climate and biosphere recovery. These estimated
single ﬂow values are therefore compared to other known inputs or values to assess the possible impact of any
one ﬂow. Firstly, the input of CO2 is considered, though the increasing importance that is now ascribed to the
sulphur input is acknowledged, with many considering it to be the main driver of any volcanism forced climate
31Gt = 1012kg
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variation and biosphere collapse [e.g., Chenet et al., 2005, Self et al., 2006]. Atmospheric CO2 is presently at
≈ 380 ppm [Royer, 2006] with an estimated CO2 reservoir totalling 3000 Gt and with a present annual input
upwards of 30 Gt [Intergovernmental Panel on Climate Change, 2001] [Fig. 5.5]. CO2 proxies, including,
plant stomatal densitities [Van Der Burgh et al., 1993], δ13C of pedogenic material [Cerling, 1991] and of long
chained alkenones in haptophytic algae [Pagani et al., 1999] alongside carbon cycle models, suggest that in the
early Cretaceous, atmospheric CO2 was above 1000 ppm [Royer, 2006]. Consequently, when the estimated
CO2 release of the Etendeka ﬂows is compared to the atmospheric reservoir in the early Cretaceous, and even
to the more meagre reservoir of today, the CO2 input of a single ﬂow appears too small, alone, to cause any
pertubations to the carbon system that would result in major warming and climatic effects on a scale too great
for species survival across the event [Intergovernmental Panel on Climate Change, 2001].
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Figure 5.5: Model and proxy values of carbon dioxide levels during the Phanerozoic. The model outputs, including
error envelopes when available, from GEOCARB III [Berner and Kothavala, 2001], COPSE [Bergman et al., 2004] and
Rothman [Rothman, 2002] are shown alongside the smoothed representation of the available proxy data presented in
Royer [2006]. The horizontal black line marks the approximate levels of CO2 in the early Cretaceous and the red dashed
line marks the atmospheric levels at present. The red vertical banner, spanning ≈ 5 Myrs, marks the period of time
associated with Parana´ – Etendeka volcanism.
Given the ascribed importance of SO2 release, the single ﬂow estimates are compared to those during both:
[1] the ‘super-eruption’ of Toba in Sumatra during the late Quaternary, when ≈ 1 Gt of SO2 [Rampino and
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Self, 1992] was injected into the stratosphere, and [2] during the 1783 eruption of Laki to which is ascribed
high magma effusion rates [reaching 5.6-4.5 x 103 kg s-1] and volatile release [totalling 0.8 Gt SO2 release
in 8months] and so suggested to be one of our closest analogues to a LIP eruption [Thordarson and Self,
1993, Thordarson et al., 1996]. Both the eruption of Toba and Laki are thought to have strongly impacted
upon global climate, with the effects of Toba suggested to include severe global cooling by 17◦C in the year
following the eruption and up to 2◦C after 10 years [Jones et al., 2005]. The effects of Laki included drastic
northern hemisphere climate variation, anomalously high levels of human death from acid haze and localised
starvation and high levels of respiratory diseases [e.g., Thordarson and Self, 1993, Grattan and Charman, 1994,
Thordarson et al., 1996, Grattan and Sadler, 1999, Grattan et al., 2003, Chenet et al., 2008]. When comparing
the 0.7/9 Gt of estimated SO2 input for the basaltic and silicic ﬂows, with the release from these historic ﬂows
it is suggested that short term cooling would have occurred following each ﬂow and this is likely to have
been, following the silicic units, of considerably higher magnitude than was seen after Toba. However, given
the large time-span between individual eruptions, accompanied by the short residence time of sulphur in the
stratosphere, the climate effects of individual ﬂows would not superimpose and there would be no stratospheric
build up of sulphur or of any ﬂow based climate effects. The effects of the basaltic ﬂows would therefore be
broadly comparable to those following Toba or Laki and unlikley to cause a global mass extinction event. When
considering the effects following the largest Springbok Quartz latite ﬂow, the higher magnitude of SO2 input
is likely to have caused more severe effects than those following Toba. However, when considering that this
ﬂow is by far the largest silicic ﬂow of the Etendeka (for the other ﬂows estimates of SO2 input are < 3 Gt) and
that there are suggestions that climate effects following sulphur input are not linearly related to the magnitude
of input, [e.g. Timmreck et al. [2010], Timmreck [2012], English et al. [2013]] it is unlikely that these ﬂows
would, individually, cause effects large enough to result in mass extinctions.
5.7 The environmental impact
Steady volcanism, would allow the recovery of Earth’s ocean atmosphere system after individual ﬂows, pre-
venting the devastation instead possible following large pulses of voluminous magmatic activity. Large igneous
provinces are normally considered to have the bulk [75%] of their volume extruded within a 1-5 Myr period
[Bryan and Ferrari, 2013] with estimates for many lying nearer 1 Myr [e.g., Courtillot and Fluteau, 2014].
Estimates for the periods of major volcanic activity for the Deccan and Siberian LIPs stand at <1 Myr and
<2 Myr respectively [Reichow et al., 2009, Courtillot and Fluteau, 2014]. DG analysis, accompanied by Fig-
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ure 5.4, suggests that the rate of Parana´ – Etendeka volcanism was fairly stable. This is in contrast to the
rates suggested for both the Deccan traps, where instead a high and episodic rate is suggested [Courtillot and
Fluteau, 2014], and for CAMP volcanism, where emplacement occurred as a series of intense pulses [Knight
et al., 2004, Schaller et al., 2011, Paris et al., 2015]. This new estimate therefore places the duration of major
volcanism in the Etendeka at the high end of these recent estimates, with no clear evidence for pulsed activity
[Fig. 5.4]. This prolonged timeframe would allow increased atmospheric and biological recovery time between
individual eruptions. By allowing time for recovery between these ﬂows and therefore between periods of high-
ﬂux volatile release it is suggested that large-scale atmospheric forcing and global mass extinction may have
been prevented, especially when coupling these extended periods of recovery with the lower volatile budgets
recently proposed by Callegaro et al. [2014] and Marks et al. [2014] for Parana´ – Etendeka volcanism. This
may provide a suitable explanation for why the Parana´ – Etendeka large igneous province seems not to have
been associated with a mass extinction or major shift in Earth’s climate when other LIPs of similar size are
linked to major collapses of the biosphere.
These differences in the styles of large igneous province volcanism, here highlighed by the Etendeka (non-
pulsed) and the Deccan (pulsed), must result from variations in the settings and paramaters pertaining to each
individual province. Explanations for these contrasting styles are likely to be dominated by differences in the
regional lithosphere associated with each LIP; for large DGs and pulsed magmatism the lithosphere must have
the ability to store large amounts of melt for the continuous pulsing of ﬂows during the emplacement of the
province. For non-pulsed volcanism this storage may not be possible, with each ﬂow emptying the magma
chamber and thus requiring time to regenerate before the subsequent eruption could occur and so preventing
pulsed volcanism, directional groups and collapses of the biosphere. Differences in the magnitude of the ther-
mal anomaly that gives rise to each province may also play a part, however, it is likely that any limits on magma
storage would have a far larger control on the ability of a province to produce large volumes of material in only
short time-frames.
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5.8 Future studies
5.8.1 Parana´ – Etendeka volcanism
It would be desirable for high precision absolute ages to be obtained from units falling just above and just below
the unconformity in order to provide an absolute duration for the intra-Etendeka unconformity which as yet, is
poorly constrained. This would help to ensure that the correlations to the GPTS were correct and constrain this
known volcanic hiatus.
5.8.2 Large igneous province volcanism
Given the considerable variability with LIP volcanism, it is becoming increasingly obvious that in order to
truly understand these events, the full suite of known LIPs must be studied in detail. Indeed, only recently Self
et al. [2014] have highlighted the still limited knowledge across LIPs, especially for the number and length of
non-eruptive phases which could have a major effect on the impact of such volcanism. When considering the
successful use of the secular variation method, as in Chenet et al. [2008] but also Biggin et al. [2011] and Suttie
et al. [2014], to constrain the nature of volcanic activity and alongside that, the high precision ages recently
gained by Blackburn et al. [2013] across large igneous province volcanism, it is clear that it is becoming increas-
ingly possible to place stricter constraints on the nature and style of large igneous province activity. Combining
the acquisition of high precision ages with detailed studies of the palaeomagnetic directions recorded by contin-
uous sections of stratigraphy would provide the tightest constraints and so multi-technique methods should be
considered when assessing LIP volcanic activity. There can be no doubt that further studies of LIPs are needed
which utilise all available techniques to establish increasingly detailed volcanic histories and provide clear steps
towards developing an understanding of the relationships between these individual events and Earth’s climate
and biota.
5.9 Concluding remarks
• High-resolution magnetostratigraphic sampling allowed the identiﬁcation of 16 discrete magnetic chrons
when all individual sections above and below the intra-Etendeka unconformity were linked.
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• When linked to the GPTS this new magnetostratigraphy provides a minimum constraint on the total
duration of volcanism of ≈ 4 Myrs, which is at the upper limit for the generally accepted time scale for
LIPs, i.e., 1-5 Myrs.
• Directional group analysis of the continuous sections of the magnetostratigraphy noted only two small
directional groups of four and two ﬂows respectively, both obtained in the upper Grootberg section which
was the best exposed and thoroughly sampled. This indicates long periods of quiesence between each
subsequent ﬂow unit and non-pulsed volcanism.
• Compared to other LIPs of a similar volume, the relatively slow rate of Etendeka volcanic activity which
would result in a correspondingly lower overall ﬂux of volatiles, the long periods of quiesence, and
the possibly smaller initial volatile budget [Callegaro et al., 2014], may have prevented a global mass
extinction with no single ﬂow unit capable of causing a mass extinction.
• The detailed nature of volcanic activity across a large igneous province seems to hold the key to the
subsequent environmental effects, with pulsed volcanism having a greater impact due to the build up of
atmospheric volatiles possible over a short period of time following multiple eruptions occurring in quick
succession.
• With the increasing precision on absolute ages being obtained for volcanic provinces [i.e. Blackburn
et al., 2013], and the increasing use of DG analysis [i.e. Chenet et al., 2008], the ability for us to provide
high resolution constraints for LIPs is rapidly improving. This leaves no doubt that further studies of LIPs
are needed making use of all available techniques to establish increasingly detailed volcanic histories and
so provide a clear step towards developing an understanding of the relationships between these events
and Earth’s climate and biota.
• Caution should be ascribed to placing actual timeframes on volcanism using DG analysis because of the
inherent assumption that PSV in the past shows the same characteristics as today. Consequently, the
impact of varying past PSV to any estimates should also be carefully considered.
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Chapter 6
Palaeointensity
The results of Chapters 6 have been published as: Dodd, S.C, Muxworthy, A., and Mac Niocaill, C., 2015.
Paleointensity determinations from the Etendeka province, Namibia, support a low- magnetic ﬁeld strength
leading up to the Cretaceous normal superchron. Geochemistry, Geophysics, Geosystems. 16.,
doi:10.1002/2014GC005707.
6.1 Overview
In this chapter the aim was to investigate the strength of the Earth’s magnetic ﬁeld over the duration of the ≈ 4
Myr period of volcanic activity in the Etendeka. The ﬂows of the Parana´ – Etendeka instantaneously sample the
Earth’s magnetic ﬁeld at the time of their formation and have been shown to provide successful palaeomagnetic
directions for 70 sites [Chapter 4]. This success suggested that these ﬂows may also be capable of providing
high quality estimates of ﬁeld intensity at the time of remanence acquisition, and this is further supported by
the previous studies of palaeointensity based on the corresponding Parana´ volcanics in South America [e.g.,
Goguitchaichvili et al., 2008]. Firstly, the motivation behind this portion of the research is discussed, initially
presented within Chapter 1, before an introduction to the theory and method used is presented. Following this,
the results and a subsequent discussion of these when compared with existing data is presented.
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6.2 Motivation
Earth’s magnetic ﬁeld can be described by a vector. This means it has both direction and magnitude. Numerous
studies have worked on constraining the past directions of Earth’s magnetic ﬁeld as recorded in volcanic and
sedimentary strata and the history of magnetic reversals is well established for the past ≈ 200 Myrs and used in
classic magnetostratigraphy [i.e. Chapters 4-5]. The data set pertaining to the strength of Earth’s ﬁeld, however,
is limited, both temporally and globally, with the bulk of available data coming from the northern hemisphere
[Tanaka et al., 1995]. The paucity of palaeointensity data can be attributed to the labour intensive methods of
determination, in addition to the generally low number of samples which provide robust data following such
analyses.
Several long term trends in ﬁeld intensity have been suggested. One longstanding feature within the directional
observations is the Cretaceous normal superchron [CNS], a period of ≈ 40 Myrs from 120.6 Ma - 83 Ma
where Earth’s magnetic ﬁeld showed persistant normal polarity [Gee and Kent, 2007]. This period of time
is also of interest with regard to ﬁeld strength because of a period of low ﬁeld intensity which is thought to
have persisted prior to and possibly into the CNS - the Mesozoic dipole low [e.g., Pre´vot et al., 1990]. It has
been suggested that this ‘low’ relates to the rate of magnetic reversals, with periods of high reversals showing
dominantly lower ﬁeld intensities than times where reversals were less frequent [e.g., Cox, 1968, Merrill et al.,
1998]. Values of palaeointensity spanning this time are therefore valuable for studies into the long term nature
of Earth’s magnetic ﬁeld [McFadden and Merrill, 1995]. The Parana´ – Etendeka volcanic province was active
in the early Cretaceous, directly preceding the onset of the CNS. Subsequently, a palaeointensity investigation
of selected Etendeka sites was conducted with a view to addding to the southern hemisphere database, and to
the available global dataset for the 10 Myr period leading up to the CNS.
6.3 Palaeointensity determination
Today we can directly measure Earth’s ﬁeld strength and direction. When trying to look at past geodynamo
states, however, these properties must be extracted using experimental techniques. In earlier chapters the dis-
cussion was focused upon extracting the direction of Earth’s magnetic ﬁeld, as recorded within the rocks of
the Parana´ – Etendeka. This was done by straightforward stepwise demagnetisation to extract the characteris-
tic remanence direction [ChRM]. Extracting the past intensity of Earth’s ﬁeld has considerably lower rates of
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success and takes much longer.
Such palaeointensity determinations are based upon a number of underlying assumptions which originate with
the acquired remanence being carried by non-interacting single domain [SD] grains which thus obey Ne´el’s
SD theory [Ne´el, 1949, Ne´el, 1955]. This theory does not hold true for MD or interacting grains and so a
remanence held by SD grains is key to the procurement of reliable palaeointensity estimates. Three major
assumptions follow that of single domain remanence, and these are summarised by Thellier’s three laws:
• Independance: a pTRM acquired by cooling between two temperatures [T2-T1] is independant and so
unrelated to any subsequent pTRM imparted over a different temperature interval [T3-T2] [Thellier, 1938,
Thellier, 1941 and Thellier and Thellier, 1959].
• Additivity: the total NRM/TRM is equal to the sum of all pTRMs [Thellier, 1938, Thellier, 1941 and
Thellier and Thellier, 1959].
• Reciprocity: TBLOCKING=TUNBLOCKING i.e. a pTRM of the interval T2–T1 can be removed by heating to
T2 [Thellier, 1938, Thellier, 1941 and Thellier and Thellier, 1959].
Following the prediction of Ne´el [1949] and Ne´el [1955] and later measurement of this behaviour for SD mag-
netite, we may also assume that any remanence is linearly related to the strength of the ﬁeld applied at the time
of remanence acquisition [Thellier and Thellier, 1959, Coe, 1967]. This relationship only holds true for low
applied ﬁelds [i.e. ≤200 μT] such as Earth’s [with present Earth’s ﬁeld [PEF]≈ 70 μT [McElhinny and McFad-
den, 1999]] and is also seen in MD grains. Although numerous, slightly different, methods of palaeointensity
determination have been proposed and developed, all such studies and techniques rely upon this relationship
and the comparison of the natural remanent magnetisation [NRM] recorded within a sample [assuming that
this was imparted at time of formation], with magnetisation imparted under laborarory conditions following the
application of a ﬁeld of known strength and orientation [Eq. 6.1].
BLAB
BANC
=
TRMLAB
NRM
(6.1)
Where BLAB = Laboratory ﬁeld, BANC = Ancient ﬁeld, TRMLAB = Laboratory induced magnetisation and NRM
= Remanence
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Despite the numerous different protocols used in studies of palaeointensity, the most reliable methods remain
modiﬁcations of the technique originally proposed by Thellier and Thellier [1959] and followed by Coe [1967]
[e.g., Pre´vot and Perrin, 1992, Yu et al., 2004, Yu and Tauxe, 2005]. Non-Thellier based techniques often require
Thellier experiments to be conducted in parallel to verify/validate any estimates obtained. The strengths of this
method lie with the ability of the technique to: [1] replicate the conditions experienced during initial sample
magnetisation; [2] check for non-ideal behaviour during heating including assessing the validity of the key
assumption of SD behaviour; and [3] to provide low-temperature range estimates if high-temperature alteration
results in the discarding of the higher temperature range pTRMs. Given the purpose of this study one of the
veriﬁed and supported Thellier based methods was chosen for determining the palaeointensity recorded by the
volcanic rocks of the Etendeka. The most commonly used modiﬁcation of the original Thellier type method is
that proposed by Coe [1967] which follows the following basic procedure:
1. Measurement of original sample remanence [NRM].
2. Zero ﬁeld heating to T1 and measurement of NRM remaining.
3. Heating to T1 in a known applied ﬁeld BLAB and measurement of magnetisation which will include the
new sample pTRM.
4. Repeat from 2 at incrementally higher temperatures until the Curie temperature is reached.
From this, the pTRM gained at each heating step is calculated using the difference between magnetisation
post in-ﬁeld and zero-ﬁeld heating. These data are often presented as ‘Arai plots’ where the NRM remaining
is plotted against the pTRM gained [Nagata et al., 1963]. Such plots are simple but effective because, given
the assumption of a linear relationship between applied ﬁeld and magnetisation, a sample displaying ideal SD
behaviour should plot as a straight line with the gradient of this line being proportional to the intensity of the an-
cient ﬁeld. It is common for scatter at both low and high temperatures, associated with viscous low-temperature
overprints and high-temperature alteration respectively [see example Fig. 6.1].
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Figure 6.1: Here, a representative Arai plot showing the typical characteristics of real data is presented. The plot clearly
shows the replacement of the orginal NRM with a pTRM during progressive heating steps. Evidence of scatter is seen
at both low and high temperatures, with low temperature scatter the result of viscous overprint and high temperature
scatter attributed to alteration of the magnetic constituents on heating. Only the linear component is used in calculating
the palaeointensity with the gradient of this best ﬁt line controlled by the magnitude of the ancient and laboratory ﬁelds.
Successful pTRM checks are marked as triangles with later lower temperature remagnetisations providing the same values
within error.
In Tauxe and Staudigel [2004] and Yu et al. [2004] it was noted that, depending upon the orientation of the ap-
plied laboratory ﬁeld and also the strength of this relative to the ancient ﬁeld, different approaches to palaeoin-
tensity determination are more robust [e.g., IZ (inﬁeld then zeroﬁeld heating) or ZI (zeroﬁeld then inﬁeld heat-
ing)], but also that an alternating method which combines these different approaches is by far a better technique.
For this study, the IZZI protocol after Tauxe and Staudigel [2004], Yu et al. [2004] and Yu and Tauxe [2005]
was chosen, which combines the Coe [1967] method of zeroﬁeld, inﬁeld [ZI] steps described above, with the
Aitken et al. [1988] method of inﬁeld, zeroﬁeld [IZ] steps. The additional checks for non-ideal behaviour after
Coe [1967] and Riisager and Riisager [2001] were also incorporated and are today considered crucial in as-
sessing the reliability of any values gained. The ﬁrst check, commonly referred to as a pTRM check following
Coe [1967], is used to check for chemical alteration of the magnetic constituents which may affect the abil-
ity of these grains to retain/record remanence. A repeat lower temperature, in-ﬁeld, heating step is conducted
which is then compared to the pTRM obtained earlier in the experiment, these values should be within error if
there has been no change to the sample’s ability to record remanence. The second check, which is commonly
referred to as a pTRM tail check following Riisager and Riisager [2001], is used to detect non single-domain be-
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haviour and requires the addition of a third heating step which is conducted post in-ﬁeld heating. If behaviour is
characteristic of single-domain [SD] remanence the measurements following demagnetisation before and after
in-ﬁeld heating should be equal, with the existence of a pTRM tail indicative of failure to obey Thellier’s third
law, reciprocity. Such pTRM tails exist in multi-domain [MD] dominated remanence where a pTRM imparted
by cooling from T2 to TAMBIENT is not removed by subsequent heating in zero ﬁeld to T2, Tunblocking =Tblocking
[Bolshakov and Shcherbakova, 1979, Kra´sa et al., 2003]. A number of different values are assessed in order to
establish the success of the data obtained from these plots. For this study the acceptance criteria of Paterson
et al. [2014] was used and these are presented alongside the results. Key values analysed include: the fraction
of the total NRM used in estimating the palaeointensity [f = δNRMNRMTOTAL ] where δNRM is the length of the
segment used in estimation], the quality factor of the data [q = |b|fgσb where |b|=slope of arai plot, σb=std error
of slope and g=gap factor [NRM lost between steps in section chosen for palaeointensity analyses], and values
relating to the pTRM checks [DRAT and δ[CK]] and the pTRM tail checks[δ[TR] and δ[t∗]]. For a full and
comprehensive series of palaeointensity deﬁnitions see the supplementary information of Paterson et al. [2014]
where each and every value associated with palaeointensity criteria and data is explained in full.
6.4 Selection of sites and sampling for palaeointensity determination
Before embarking on palaeointensity experiments samples are commonly submitted to directional analyses,
especially using thermal demagnetisation which can help to identify any temperature induced alteration. Sam-
ples yielding poor quality directional data are unlikely to provide robust palaeointensity results. In Chapter 4
and 5 a magnetostratigraphy for the bulk of the Etendeka province was produced based on samples from 70
sites that showed high quality palaeomagnetic directions. This data was used in the selection of fourteen ﬂows
for palaeointensity determinations. The ﬂows were chosen based on their: 1] stratigraphic position within the
province in order to span the complete stratigraphy, 2] varying polarities, with samples from sites recording
both normal and reverse ﬁeld states, and 3] clean demagnetisation data showing single component characteris-
tic remanence directions [ChRM] following removal of any low-temperature/low-ﬁeld viscous overprints. The
fourteen ﬂows chosen for resampling were as follows: Na2 [Cm1], Na25 [Cm2], Na23 [Cm3], Na7 [Cm4],
Na10 [Cm5], Na15 [Cm6], Na16 [Cm7], Pr1 [Cm10], Et1 [Cm11], Tg1 [Cm12], Tg7 [Cm15], Tg4 [Cm16],
Tg10 [Cm17], Tg14 [Cm18] [Fig. 6.2]
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Figure 6.2: Sampling site locations within the Etendeka province (a), inset shows reconstruction at 135Ma with the
Parana` – Etendeka represented by an unﬁlled rectangle and the Etendeka portion highlighted by a ﬁlled rectangle. Relative
stratigraphic positions of the sampled sites are placed on a representative section of the main Etendeka stratigraphy (b).
Filled circles represent sites sampling ﬂows of normal polarity, while hollow circles represent sites sampling ﬂows of
reverse polarity.
As in Chapter 4, standard 1 inch [25.4mm] diameter cores were obtained using a portable petrol powered rock
drill and were oriented using both magnetic and sun compasses. A total of 249 individually oriented drill core
samples were collected from the 14 chosen ﬂows, yielding 338 specimens when cut to size. Of these, 172
specimens were chosen for palaeointensity analysis.
6.5 Rock magnetic data
Rock magnetic properties are important for determining whether the results of any palaeointensity study pro-
vide reliable palaeointensity determinations by identifying the composition and domain state of the magnetic
minerals present, and the behaviour of those minerals on heating. In this study the rock magnetic properties of
rock chips from each of the 14 ﬂows were investigated while simultaneously conducting pilot palaeointensity
experiments containing samples from each ﬂow. This was done because samples displaying ideal rock mag-
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netic characteristics can still fail to provide reliable palaeointensity data.
6.5.1 Methods
Hysteresis and backﬁeld measurements were conducted alongside thermomagnetic analyses. The procedure
used is as described in Chapter 4.
Reﬂected light spectroscopy
A specimen from each ﬂow was diamond polished in the Imperial College London rock preparation room over
a week long period. Specimens were then examined under reﬂected light, both pre and post-heating to 650◦C
in order to look for any indication of alteration and oxidation of the magnetic minerals.
6.5.2 Results
Hysteresis
The ratios of the extracted parameters [Mrs/Ms versus Hcr/Hc] are plotted on a ‘Day’ plot [Day et al., 1977]
[Fig. 6.3]. Results reveal that the majority of recorded remanence was held by grains falling within the pseudo-
single domain [PSD] region, as is common for natural volcanic samples. Samples from site Cm15, however, fall
within the single domain [SD] region, considered ‘ideal’ for palaeointensity determination, while those from
site Cm11 approach the multi-domain [MD] region. The process by which remanent magnetisation is recorded
in MD sized grains is not well understood and Cm11 therefore reveals a remanence unlikely to produce reliable
palaeointensity determinations.
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Figure 6.3: A ‘Day’ plot depicting the domain state of representative samples from all sites sampled for palaeointensity
determination. Insets are small hysteresis plots of the paramagnetically corrected data for individual samples, illustrating
examples of single domain, pseudo-single domain and multi-domain state specimens.
Thermomagnetic analyses
Curie temperatures were estimated from thermomagnetic curves using the second-derivative method [Tauxe,
1998] with a running average of ﬁve points and with errors on the Curie temperatures estimated to be ±
10◦C. Four types of behaviour on heating/cooling were identiﬁed in the thermomagnetic curves, classiﬁed as
either type a, b, c or d, with these curves presented in Figures. 6.4 and 6.5. The majority of ﬂows displayed
approximately reversible thermomagnetic curves with the only suggestion of alteration being a slight decrease
in the susceptibility in the cooling curve relative to that recorded in the heating curves [Type a, e.g., Cm12 and
b, e.g., Cm15]. Those sites with samples unaffected by heating and thus producing reversible thermomagnetic
curves are most likely to provide successful palaeointensity results, while those indicating substantial mineral
alteration and irreversible curves would be unlikely to provide robust palaeointensity data due to the likely
alteration of primary remanence through mineral alteration. Type c behaviour e.g., Cm1 and Cm7, hinted at
minor alteration in the heating curve, however, the scale of this is not sufﬁcient to exclude the site from further
investigation. Cm3 and Cm17 show examples of irreversible curves classiﬁed as type d behaviour; these sites
are those most likely to produce unreliable palaeointensity results through alteration of the magnetic minerals
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on heating.
Curie temperature analysis revealed 10/14 sites with Curie temperatures above 569◦C but likely to be less than
that of pure magnetite, 580◦C when the ±10 ◦C error is considered. This suggests titanomagnetite is the main
remanence carrier for these sites, with varying but minimal proportions of Ti4+ substitution [x][Fe[3-x]TixO4].
Sites Cm2 and Cm17 showed considerably higher Curie temperatures, exceeding 620◦C, indicating the pres-
ence of high proportions of haematite or partially oxidised magnetite. Samples from sites Cm7 and Cm16 both
showed Curie temperatures of 600◦C with samples from Cm7 indicating minor alteration on heating likely to be
representative of the inversion of [titano]maghemite to [titano]hematite, commonly found in surface-weathered
rocks [references as in Dunlop and Ozdemir [1997]]. The ten sites with Curie temperatures suggestive of a
magnetic mineralogy dominated by low-Ti titanomagnetites are the most likely to provide reliable data with
those dominated by hematite unlikely to yield any results.
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Figure 6.4: Thermomagnetic curves [red = heating, blue = cooling] measured from the sampled ﬂow units Cm1-Cm10.
Those curves labelled as type a and b show reversible thermomagnetic curves indicative of minimal alteration on heating
whereas those curves labelled as type c or type d show varying examples of irreversible thermomagnetic curves indicative
of alteration. Type c shows low temperature alteration and conversion of the magnetic minerals whereas type d shows
an entirely irrerversible curve suggesting more major alteration. Such major mineral alteration is normally mirrored
in the success of samples for palaeointensity determination, with ﬂows of type a, b and c possibly being suitable for
palaeointensity determinations but those ﬂows of type d being unlikely candidates for reliable data.
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Figure 6.5: Thermomagnetic curves [red = heating, blue = cooling] measured from the sampled ﬂow units Cm11-Cm18 .
Those curves labelled as type a and b show reversible thermomagnetic curves indicative of minimal alteration on heating
whereas those curves labelled as type c or type d show varying examples of irreversible thermomagnetic curves indicative
of alteration. Type c shows low temperature alteration and conversion of the magnetic minerals whereas type d shows
an entirely irrerversible curve suggesting more major alteration. Such major mineral alteration is normally mirrored
in the success of samples for palaeointensity determination, with ﬂows of type a, b and c possibly being suitable for
palaeointensity determinations but those ﬂows of type d being unlikely candidates for reliable data.
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Reﬂected light spectroscopy
Observations under reﬂected light revealed samples free from alteration, samples showing alteration on heating,
and samples showing alteration both pre- and post-heating. The samples from sites Cm2 and Cm17 revealed
heavily altered and oxidised magnetic minerals in both pre- and post-heating images, mirroring the results of
the thermomagnetic analyses [Fig. 6.6]. Samples from sites Cm3, Cm7, Cm10 and Cm11 showed possible
exsolution structures or revealed slight mottling, possibly indicative of higher titanium contents which may
promote alteration during heating [Fig. 6.6]. The remaining ﬂows, prior to heating, revealed no clear evidence
of exsolution or alteration, with cruciform textures a common feature indicating rapid cooling [Fig. 6.6] [Hag-
gerty, 1981].
Samples from sites Cm3, Cm6, Cm7, Cm10, Cm11 and Cm16 showed signs of heating induced alteration of
the magnetic mineralogy following the palaeointensity experiments. Those from sites Cm6, Cm7, Cm10 and
Cm11 showed the heaviest alteration, with an irregular trellis lamellae texture the common feature indicative
of high temperature oxidation [Fig. 6.7] [Haggerty, 1981]. Samples from Cm3 and Cm16 showed more minor
alteration [Fig. 6.7]. Samples from sites Cm1, Cm4, Cm5, Cm12, Cm15 and Cm18 showed little or no
evidence of alteration [Fig. 6.7]. While observable post-heating alteration such as this might suggest that these
ﬂow units are not capable of retaining a primary magnetisation and are therefore unreliable recorders it should
also be noted that: [1] surface oxidation [given the abundance of available oxygen] may be more proliﬁc than
alteration within a specimen, [2] any single sample may not be representative of the whole ﬂow, and [3] imaged
grains are amongst the largest magnetic minerals within a sample rather than being the smaller single domain
grains thought to carry the magnetic remanence. Evidence of surface oxidation was found for sites Cm6 and
Cm7 which were among samples that were trimmed and repolished post-heating, to assess alteration below the
surface and found to be unaltered [Fig. 6.8]. For sites Cm10, Cm11 and Cm16 some evidence of this alteration
was found to penetrate below the surface suggesting alteration of the magnetic mineralogy which penetrates into
the whole sample rather than only being proliﬁc at the surface. Major alteration also leads to failure to produce
successful/reliable palaeointensity estimates and should therefore also be identiﬁed in Thellier experiments.
The reﬂected light observations were therefore only used in conjunction with other rock magnetic properties,
rather than being used as a sole indicator of potential failure of a palaeointensity experiment.
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a. (Cm1) b. (Cm2) c. (Cm3)
d. (Cm4) e. (Cm5) f. (Cm6)
g. (Cm7) h. (Cm10) i. (Cm11)
 j. (Cm12)  k. (Cm15)  l. (Cm16)
 n. (Cm18) m. (Cm17)
Figure 6.6: Reﬂected light photomicrographs before heating showing the levels of alteration, for all photomicrographs
the scale shown is 200 μm
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a. (Cm1) b. (Cm2) c. (Cm3)
d. (Cm4) e. (Cm5) f. (Cm6)
g. (Cm7) h. (Cm10) i. (Cm11)
 j. (Cm12)  k. (Cm15)  l. (Cm16)
 n. (Cm18) m. (Cm17)
Figure 6.7: Reﬂected light photomicrographs post-heating to 650 ◦C showing the levels of alteration, of the same polished
surface, for all photomicrographs the scale shown is 200 μm. Where possible the same magnetic mineral was imaged both
pre and post heating [e.g., b,c,l] but due to sample fracture this was not commonly possible.
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a. (Cm6)
b. (Cm7)
Figure 6.8: Reﬂected light photomicrographs [Cm6 and Cm7] post heating to 650 ◦C, of new polished surfaces cut at
1cm below original polished surface. For sites Cm6 and Cm7 which showed major oxidation at the surface, no alteration
was noted in the newly polished subsurface suggesting alteration was proliﬁc at the surface but did not extend into the
specimen. For all photomicrographs the scale shown is 200 μm
6.6 Palaeointensity
6.6.1 Methods
Both the pilot and ﬁnal palaeointensity runs followed the IZZI [in-ﬁeld, zero-ﬁeld, zero-ﬁeld, in-ﬁeld] proto-
col [e.g., Tauxe and Staudigel, 2004, Yu et al., 2004, Yu and Tauxe, 2005], including partial thermoremanent
magnetisation [pTRM] checks for identifying alteration [e.g., Pre´vot et al., 1985], and pTRM tail checks for de-
tecting multidomain grains [e.g., Riisager and Riisager, 2001]. A laboratory ﬁeld of 30 μT was applied during
in-ﬁeld steps, chosen as a best estimate of the conditions at the time of acquisition based on the palaeointensity
values obtained in the study of Goguitchaichvili et al. [2008] from the Parana´ portion of province. A total of
21 temperature steps from 100◦C up to 650◦C were used for the pilot sample runs, with initial steps of 50◦C,
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reducing to 25◦C, 20◦C and 10◦C in the region of bulk demagnetisation. Both pTRM and pTRM tail checks
[totalling six and ﬁve respectively], were concentrated at the higher temperature steps to detect mineral alter-
ation in the regions likely to be used for palaeointensity determination. In addition to the pTRM checks used
to identify alteration, the room temperature susceptibility of individual samples was measured between heating
steps using a Bartington susceptibility meter. This provides an additional measure of any alteration resulting
from the heating process.
6.6.2 Results
Data, from pilot and ﬁnal runs, are reported on Arai-Nagata plots and analysed in ThellierTool [Leonhardt et al.,
2004] using the modiﬁed criteria of Paterson et al. [2014] [Table. 6.1].
Table 6.1: Palaeointensity criteria, as in Paterson et al. [2014]
Criterion n f β q MADanc α dCK dpal dTR dt*
TTA [modiﬁed] 5 0.35 0.1 5 6 15 7 10 10 9
TTB [modiﬁed] 5 0.35 0.15 0 15 15 9 18 20 99
Palaeointensity determinations were only accepted [at “A” class] if they met the following requirements of
Paterson et al. [2014]: [1] estimates were obtained from at least 5 NRM-TRM points which correspond to a
total NRM fraction exceeding 35%, [2] estimates had corresponding quality factors exceeding 5, [3] speci-
mens showed positive pTRM checks with maximum absolute differences <7, [4] specimens showed positive
pTRM tail checks with maximum absolute differences under <10, and [5] estimates were obtained from high-
temperature portions of the NRM considered more likely to represent primary remanence rather than later
viscous overprints [Table. 6.1 and Table. 6.2].
Following the results of the rock magnetic analyses, and after analysis of the pilot palaeointensity experi-
ments, the samples included within the ﬁnal palaeointensity experiments included only those from sites that
had resulted in useable palaeointensity estimates and rock magnetic data that were consistent with the samples
carrying a primary magnetization [see later Table. 6.4]. Ideal sites/ﬂows would therefore fall within either the
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SD or PSD regions of the ‘Day’ Plot, produce reversible thermomagnetic curves, and show no clear indication
of alteration, exsolution or alteration under reﬂected light. Sites Cm2, Cm3, Cm11 and Cm17 showed multiple
indications of mineral alteration during heating suggesting these ﬂows to be poor recorders of magnetic rema-
nence [Table. 6.4].
Including cores measured in the pilot runs, a total of 172 cores were subjected to palaeointensity experiments,
yielding 103 individual palaeointensity estimates following the selection criteria of Paterson et al. [2014].
Twenty of these samples were from sites Cm2, Cm3, Cm11 and Cm17, which exhibited multiple indications
of alteration and, indeed, only 8 of these yielded palaeointensity estimates, with low individual site success
rates [down to 0%] and poor correspondence between samples from the same site. Palaeointensity data from
these sites were considered unreliable, and samples from these ﬂows were omitted from later palaeointensity
experiments. Examples of the failed Arai-Nagata plots from these sites are presented in Figure. 6.9.
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Figure 6.9: Examples of failed Arai plots from sites excluded from ﬁnal palaeointensity runs, pTRM checks are repre-
sented as triangles.
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Post removal of sites Cm2, Cm3, Cm11 and Cm17, considered unreliable, the remaining 10 sites and 152 speci-
mens were found to yield 95 palaeointensity estimates, 57 of A grade and 38 of B grade [Table. 6.2]. The NRM
fraction used for palaeointensity determination ranges from 0.4 to 1 and the quality factor varies from 1.5 to 43
with 95% of specimens having quality factors exceeding 5, and 57% exceeding 10. This data can therefore be
regarded as being of good technical quality. Example Arai-Nagata plots from these ten sites are also presented
with examples of both failed samples [Fig. 6.10] and successful samples [Fig. 6.11 and Fig. 6.12].
Following the analyses of the pilot palaeointensity runs, the steps used in the later palaeointensity runs were
also adjusted so that the majority of steps were concentrated in the region of bulk demagnetization, i.e. 21 tem-
perature steps were instead spread between 150◦C and 650◦C, with an initial step size of 100◦C ﬁning to 50◦C,
25◦C and 10◦C in the region of bulk demagnetisation and including six pTRM checks and six pTRM tail checks.
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Figure 6.10: Examples of failed Arai plots from all sites used in the ﬁnal palaeointensity runs, with pTRM checks
represented as triangles.
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Figure 6.11: Example Arai, demagnetisation, and Zijderveld, plots generated from the palaeointensity data, with pTRM
checks represented as triangles on Arai plots and in the Zijderveld plots, ﬁlled symbols represent declination and hollow
inclination. Examples from each site providing successful palaeointensity values are presented [Sites Cm1-7].
180
1.0
0.5
0.0
0.0 0.5 1.0
3.66 ± 0.14 T 
100 200 300 400 500
1.0
0.5
0.0
x,h
-y,-z
-100-200-300
NRM ( mA/m )
pTRM ( mA/m )
Cm10 (a)
570°C
540°C
510°C
350°C
NRM
Temp ( °C)
540°C
570°C
150°C
1.0
0.5
0.0
0.0 0.5 1.0
4.98 ± 0.28 T 
100 200 300 400 500
1.0
0.5
0.0
X,H
-Y,-Z
-1000-2000
NRM ( mA/m )
pTRM ( mA/m )
Cm18 (b)
540°C
570°C
510°C
NRM
Temp ( °C)
540°C
150°C
510°C
450°C
570°C
540°C
1.0
0.5
0.0
0.0 0.5 1.0
18.86 ± 1.05 T 
100 200 300 400 500
1.0
0.5
0.0
x,h
-y,-z
-10000
NRM ( mA/m )
pTRM ( mA/m )
Cm12 (h)
540°C
510°C
350°C
150°C NRM
Temp ( °C)
540°C
510°C
150°C
350°C
1.0
0.5
0.0
0.0 0.5 1.0
4.47 ± 0.26 T 
100 200 300 400 500
1.0
0.5
0.0
x,h
-y,-z
-1000-2000-3000
NRM ( mA/m )
pTRM ( mA/m )
Cm15 (q)
150°C
510°C
540°C
350°C
NRM
Temp ( °C) 150°C
350°C
450°C
510°C
540°C
X,H
-Y,-Z
150°C350°C
510°C540°C
570°C
350°C
450°C
510°C
540°C
570°C
6.85 ± 0.35 T 
Cm16 (k)
pTRM 
NRM
0.0 0.5 1.0
1.0
0.5
0.0
Temp (°C)
100 200 300 400 500
1.0
0.5
0.0
NRM 
Figure 6.12: Example Arai, demagnetisation, and Zijderveld, plots generated from the palaeointensity data, with pTRM
checks represented as triangles on Arai plots and in the Zijderveld plots, ﬁlled symbols represent declination and hollow
inclination. Examples from each site providing successful palaeointensity values are presented [Sites Cm10-18]
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Table 6.2: Individual sample palaeointensity estimates using the IZZI protocol and the modiﬁed criteria of Paterson et al.
[2014]. Sites excluded based upon initial rock magnetic and pilot palaeointensity analyses are not presented.
Intensity Temp. range
Sample Fa ± s.d Tmin-Tmax N f g q α Class
[μT ] ◦C
Cm1 - 70% Success [16/23 yielded results]
Cm1[aB] 16.9±0.5 400-620 16 0.81 0.85 25 6.1 A
Cm1[aT] 16.5±0.7 400-620 13 0.87 0.75 16 3.3 A
Cm1[bM] 16.8±0.4 400-620 16 0.81 0.85 26 5.6 A
Cm1[bT] 15.0±0.5 425-620 15 0.83 0.82 20 4.7 A
Cm1[cB] 16.9±0.5 350-620 17 0.87 0.87 28 4.3 A
CM1[dM] 15.3±0.8 375-620 14 0.82 0.76 11 4.4 A
CM1[fB] 16.3 ± 0.4 400-620 13 0.92 0.78 28 3.7 A
CM1[gM] 16.8 ± 0.5 400-620 13 0.87 0.82 26 5.5 A
CM1[gT] 18.0 ± 0.6 450-620 14 0.92 0.88 25 1.6 A
CM1[hB] 17.8 ± 0.5 400-620 15 0.81 0.86 24 4.1 A
CM1[iB] 18.1 ± 0.5 400-620 13 0.84 0.83 27 5.3 A
CM1[jT] 16.0 ± 0.6 425-620 14 0.85 0.86 19 3.6 A
CM1[jM] 15.0 ± 0.3 475-620 10 0.88 0.8 31 4.2 A
CM1[nT] 17.8 ±1 520-620 10 0.79 0.85 12 2.3 A
CM1[oB] 15.4 ± 1.3 450-620 11 0.82 0.76 7.4 5.3 A
CM1[oT] 18.5 ± 0.9 510-620 11 0.83 0.85 14 2.3 A
Cm4 - 50% Success [6/12 yielded results]
Cm4[eT] 6.6 ± 0.4 0-620 21 0.85 0.81 11 2.1 B
Cm4[fB] 11.9 ± 0.6 0-620 21 0.9 0.91 18 2 A
Cm4[fT] 14.1 ± 0.6 0-600 20 0.92 0.88 20 0.9 A
Cm4[gB] 7.4 ± 0.4 300-590 14 0.8 0.76 11 3.3 B
Cm4[gT] 10.9 ± 0.9 150-580 17 0.8 0.9 8.4 10.2 A
Cm4[m] 14.3± 0.7 150-600 18 0.89 0.87 15 7.4 A
Continued on next page...
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Sample Fa ± s.d Tmin-Tmax N f g q α Class
[μT ] ◦C
Cm5 - 83% Success [5/6 yielded results]
Cm5[a] 6.8 ± 0.4 350-570 11 0.88 0.79 11 5 A
Cm5[h] 6.1 ± 0.5 450-580 11 0.63 0.83 6.6 6.8 A
Cm5[i] 8.7 ± 0.9 0-600 20 0.92 0.8 7.4 12.5 B
Cm5[j] 9.8 ± 0.3 350-540 10 0.79 0.81 19 2.6 A
Cm5[m] 7.5 ± 0.7 250-570 13 0.91 0.78 7.5 6.1 A
Cm6 - 61% Success [11/18 yielded results]
Cm6[b] 10.2 ± 0.4 400-570 12 0.95 0.86 19 0.8 A
Cm6[c] 13.6 ± 0.6 250-570 15 0.95 0.88 21 1.1 A
Cm6[d] 11.3 ± 0.2 500-570 8 0.73 0.81 43 3.2 A
Cm6[oB] 14.1 ± 0.4 300-570 14 0.93 0.87 28 2.3 A
Cm6[pB] 10.8 ± 0.3 510-550 5 0.59 0.61 15 6.3 B
Cm6[qT] 12.6 ± 0.7 500-580 9 0.54 0.72 7 0.5 A
Cm6[sT] 12.5± 0.4 350-570 11 0.9 0.79 21 1.9 A
Cm6[tB ] 12.5 ± 0.7 250-580 16 0.68 0.76 9 5.1 A
Cm6[uT] 8.8 ± 0.6 400-580 13 0.88 0.78 9.7 1.3 A
Cm6[vB] 9.4 ± 0.6 500-600 11 0.92 0.76 11 0.8 B
Cm6[wT] 7.1 ± 0.7 350-580 14 0.91 0.72 6.8 1.2 A
Cm7 - 65% Success [11/17 yielded resutls]
Cm7[bT] 12.9 ± 0.9 375-620 14 0.82 0.77 8.9 0.2 B
Cm7[c] 11.2 ± 0.9 400-620 16 0.85 0.86 9.7 0.7 B
Cm7[eT] 9.8 ± 0.7 400-620 16 0.84 0.88 9.8 1.7 A
Cm7[gT] 12.2 ± 1.2 400-600 15 0.83 0.88 7.7 0.1 A
Cm7[iT] 14.9 ± 1.5 375-600 13 0.83 0.88 7.5 0.7 A
Cm7[kB] 11.0 ± 0.8 450-620 14 0.94 0.88 12 0.5 B
Cm7[lB] 10.9 ± 0.8 400-600 15 0.89 0.89 11 2.1 B
Continued on next page...
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Sample Fa ± s.d Tmin-Tmax N f g q α Class
[μT ] ◦C
Cm7[mT] 13.0 ± 1.4 400-620 16 0.91 0.87 7.4 0.6 B
Cm7[nT] 6.7 ± 0.5 560-620 6 0.55 0.76 5.1 1.5 A
Cm7[pT] 4.7 ± 0.4 350-600 16 0.79 0.75 6.9 0.5 B
Cm7[rT] 5.2 ± 0.4 350-600 15 0.77 0.82 8.1 0.5 B
Cm10 - 36% Success [4/14 yielded results]
Cm10[a] 3.7 ± 0.1 350-590 15 0.89 0.83 19 7.5 B
Cm10[b] 3.5 ± 0.2 400-590 11 0.88 0.67 9.4 4.3 B
Cm10[h] 4.8 ± 0.7 400-540 7 0.62 0.59 2.4 13.7 B
Cm10[f] 3.5 ± 0.4 400-570 9 0.89 0.71 5.3 12.3 B
Cm12 - 78% Success [14/18 yielded results]
Cm12[a] 15.7 ± 0.5 450-570 7 0.78 0.44 11 0.9 A
Cm12[b] 12.7 ± 0.6 400-570 9 0.92 0.58 12 1.9 A
Cm12[d] 10.4 ± 0.5 400-590 11 0.97 0.5 9.9 2.5 A
Cm12[g] 17.7 ± 0.2 500-570 5 0.86 0.3 21 2.1 A
Cm12[h] 18.9 ± 1.1 425-550 9 0.88 0.7 11 1.4 B
Cm12[k] 16.7 ± 0.6 300-570 12 0.97 0.45 13 0.4 A
Cm12[l] 19.5 ± 1.1 450-590 12 0.43 0.52 4 4 B
Cm12[mB] 25.2 ± 1.3 425-590 13 0.65 0.43 5.4 2.1 B
Cm12[qB] 21.3 ± 0.4 500-570 5 0.9 0.46 23 0.3 A
Cm12[rB] 26.2 ± 0.4 510-580 8 0.81 0.55 29 0.3 B
Cm12[t] 23.7 ± 0.6 400-570 9 0.94 0.45 17 0.7 B
Cm12[u] 26.5 ± 0.7 400-580 13 0.96 0.66 24 0.7 A
Cm12[w] 19.8 ± 0.4 375-570 10 0.95 0.41 20 0.5 A
Cm12[x] 24.4 ± 0.7 450-570 10 0.79 0.59 17 1.4 A
Cm15 - 67% Success [6/9 yielded results]
Cm15[c] 5.3 ± 0.7 350-540 9 0.57 0.7 2.9 4.1 B
Continued on next page...
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Sample Fa ± s.d Tmin-Tmax N f g q α Class
[μT ] ◦C
Cm15[j] 4.8 ± 0.4 450-550 8 0.75 0.79 7.3 3.6 A
Cm15[k] 4.1 ± 0.3 450-550 8 0.75 0.78 8 7 B
Cm15[l] 4.6 ± 0.4 350-540 9 0.71 0.62 5.1 2 A
Cm15[p] 4.3 ± 0.3 350-570 11 0.91 0.7 11 4 A
Cm15[q] 4.5 ± 0.3 400-550 10 0.87 0.78 12 5.1 A
Cm16 - 63% Success [10/16 yielded results]
Cm16[a] 12.1 ± 0.6 450-580 11 0.8 0.75 13 1.6 A
Cm16[b] 9.4 ± 0.8 300-570 12 0.95 0.6 6.5 0.4 B
Cm16[c] 9.4 ± 0.4 400-590 11 0.79 0.72 13 4 B
Cm16[d] 8.9 ± 0.5 400-570 12 0.45 0.71 6.1 0.8 A
Cm16[e] 12.1 ± 0.6 400-570 12 0.47 0.72 6.9 2.1 A
Cm16[f] 9.6 ± 0.5 300-570 12 0.95 0.48 8.9 0.9 A
Cm16[kB] 6.8 ± 0.5 250-570 15 0.67 0.72 6.8 2.4 A
Cm16[kT] 6.9 ± 0.4 300-580 15 0.95 0.79 15 1.9 B
Cm16[lB] 7.7 ± 0.5 0-590 18 0.97 0.77 11 1.8 A
Cm16[lT] 7.4 ± 0.4 400-600 15 0.9 0.84 14 3 A
Cm18 - 63% Success [12/19 yielded results]
Cm18[aB] 4.9 ± 0.3 300-570 12 0.9 0.65 9.4 5.2 B
Cm18[bB] 5.0 ± 0.3 400-570 12 0.85 0.82 12 8.4 B
Cm18[cB] 5.2 ± 0.3 300-570 12 0.88 0.66 12 5.7 B
Cm18[d] 5.1 ± 0.2 150-570 15 0.94 0.69 14 9.6 B
Cm18[eB] 4.2 ± 0.4 200-560 12 0.73 0.56 4.1 12.9 B
Cm18[eT] 5.2 ± 0.5 425-550 9 0.82 0.82 7 14.6 B
Cm18[gB] 5.3 ± 0.6 425-550 9 0.83 0.82 6.2 13.9 B
Cm18[gT] 5.3 ± 0.3 150-570 15 0.93 0.7 12 7.2 B
Cm18[hB] 6.0 ± 0.5 250-550 13 0.92 0.84 9 10.2 B
Continued on next page...
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...continued from previous page
Sample Fa ± s.d Tmin-Tmax N f g q α Class
[μT ] ◦C
Cm18[mB] 4.9 ± 0.5 250-550 13 0.89 0.81 6.8 12 B
Cm18[nB] 4.9 ± 0.4 250-570 15 0.91 0.81 8.8 6.3 B
Cm18[wB] 6.2 ± 0.6 520-600 7 0.5 0.29 1.5 12.7 B
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Room-temperature susceptibility
To monitor chemical alteration, the room-temperature susceptibility of samples was also measured throughout
palaeointensity determination, the graphs of this have been plotted with the percent change in susceptibility
noted across the full experiment. These were then used for further post palaeointensity determination analyses
of data reliability. The susceptibility for sites Cm2, Cm3, Cm11 and Cm17 which were not used for palaeoin-
tensity determination following poor performance during the pilot palaeointensity runs, are also presented.
Cm17 which provided no successful measurements of palaeointensity, displayed amongst the largest changes
in susceptibility, alongside Cm4 which showed no other indication of sample alteration but showed changes in
susceptibility upwards of 50% indicating deﬁnite changes to the magnetic mineralogy during heating.
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Figure 6.13: Susceptibility measured during palaeointensity determination for sites Cm1-Cm10. Cm1[a] and Cm6[f]
showed <10% variation. Cm2[b], Cm7[g] showed <20% variation. Cm3[c], Cm4[d], Cm5[e] and Cm10[h] showed
≥20% variation.
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Figure 6.14: Susceptibility measured during palaeointensity determination for sites Cm11-Cm18. Cm12[j] and Cm18[n]
showed<10% variation. Cm11[i] and Cm16[l] showed<20% variation. Cm15[k] and Cm17[m] showed≥20% variation.
6.7 Discussion
The mean palaeointensities for each site were calculated with values ranging from 3.9 ± 0.6 μT [Cm10] to 19.9
± 5.0 μT [Cm12]. These values were also reported as latitude independant virtual dipole moments [VDM]
calculated using Eq. 6.2 and Eq. 6.3. VDMs account for gross geographic ﬁeld strength variability and thus
allow global comparisons of these ﬁeld strength observations.
cot θm =
1
2
tan I (6.2)
where I = magnetic inclination [Chapter 4], and θm= magnetic co-latitude [If geographic co-latitude is used in
189
place of θm the result is referred to as a VADM rather than a VDM].
VDM =
4πr3
μo
Bancient[1 + 3 cos2 θm]−
1
2 (6.3)
The corresponding VDMs, when calculated, range from 0.7 ± 0.1x1022Am2 [Cm15] to 3.7 ± 0.9x1022Am2
[Cm12] [Table. 6.3].
Table 6.3: Site mean palaeointensity data, bold sites are those used in ﬁnal mean calculation following detailed analyses
of the results of the rock magnetic analyses [see text to follow].
Site Mean ﬁeld intensity Site Range Virtual dipole
Fa ± s.d Fa ± moment [VDM] ± s.d
[μT ] [μT ] [1022Am2]
Cm1 16.7 ± 1.1 3.5 3.3 ± 0.2
Cm4 10.9 ± 3.3 7.8 2.0 ± 0.6
Cm5 7.8 ± 1.5 3.7 1.8 ± 0.3
Cm6 11.2 ± 2.1 7 2.2 ± 0.4
Cm7 10.2 ± 3.3 10.2 2.0 ± 0.6
Cm10 3.9 ± 0.6 1.3 0.9 ± 0.2
Cm12 19.9 ± 5.0 16.1 3.7 ± 0.9
Cm15 4.6 ± 0.4 1.2 0.7 ± 0.1
Cm16 9.0 ± 1.9 5.3 1.9 ± 0.4
Cm18 5.2 ± 0.5 2.0 1.1 ± 0.1
An increasing number of studies are also assessing the internal consistency of data for within-ﬂow variation,
alongside using existing rock magnetic property checks. Such studies have allowed varying degrees of distri-
bution about the mean; Selkin and Tauxe [2000] use 25% while Biggin and Thomas [2003] use 10%, removing
ﬂows that fail to show internal consistency. Doing this, however, results in a bias of results towards higher
average ﬁelds because their larger magnitudes allow a greater range of acceptable values than ﬂows with lower
average ﬁelds; a mean ﬁeld of 50 μT with an allowed internal variation of 10% would allow a range of 10 μT
between 45-55 μT whereas a mean ﬁeld of 20 μT would allow a range of only 4 μT between 18-22 μT. Given
the consistently low palaeointensity values obtained in this study the within-site reliability check is only used
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as a reason for rejection of a site where there is further cause for re-evaluation of the results from a particular
ﬂow.
6.7.1 Assessing reliability
Following site-level analyses, the results of Tables. 6.2 and 6.3 are further assessed for reliability. The focus of
this assessment is on those sites where there was indication of alteration during rock magnetic analyses, while
also considering the results of the pre and post-heating room-temperature susceptibility measurements. Site
average gains/losses in room-temperature susceptibility, measured between the initial and last heating steps,
were calculated [Table 6.4]. Sites showing variations <10% were accepted [i.e. Cm1, Cm6, Cm12 and Cm18]
and, unless a site showed other indications of alteration, a lenient 20% variation was allowed before sites
were omitted based entirely upon observed variations in room-temperature susceptibility. Sites Cm4, Cm5,
Cm10 and Cm15 showed average variations in susceptibility in excess of 20% suggesting major alteration and
changes to the magnetic mineralogy occurred during the heating and measurement process. As a consequence
these sites were considered unlikely to record a reliable palaeointensity. These sites are therefore not discussed
further. Sites Cm16 and Cm7 show variations in susceptibility of between 10% and 20%. Cm16 not only
showed alteration of the surface under reﬂected light, but also of similar alteration at depth, accompanied by a
high Curie temperature. Results from this site were subsequently omitted from the overall site mean, however,
this may be an overly conservative approach as the internal consistency of the data suggested good quality.
Cm7 also displayed surface alteration of its mineral constituents when examined under reﬂected light, however,
this alteration was not observed below the surface and the site showed high success rates [>60%] with the data
obtained also being of high quality. The internal variation is also considered, using a ﬁxed range allowance of±
5 μT from the mean, based on a high ﬁeld value of 50 μT and an allowed variation of 10%. Data from site Cm7
revealed one outlying specimen which provided a value falling <1 μT under the allowed minimum, however
this sample indicated data of similar quality and falls easily within the more lenient allowance of Selkin and
Tauxe [2000]. Given the quality, consistency and other rock magnetic properties of this site, data from Cm7
were considered to provide reliable data.
191
Ta
bl
e
6.
4:
Su
m
m
ar
y
ta
bl
e
sh
ow
in
g
th
e
se
le
ct
io
n
cr
ite
ri
a
us
ed
fo
r
pa
la
eo
in
te
ns
ity
si
te
s.
T
hi
s
in
cl
ud
es
th
e
ro
ck
m
ag
ne
tic
pr
op
er
tie
s
fr
om
hy
st
er
es
is
an
d
ba
ck
ﬁe
ld
re
m
an
en
ce
cu
rv
es
al
on
gs
id
e
su
bs
eq
ue
nt
do
m
ai
n
st
at
e
cl
as
si
ﬁc
at
io
n.
C
ur
ie
te
m
pe
ra
tu
re
s
ar
e
al
so
pr
es
en
te
d
al
on
gs
id
e
th
e
pe
rc
en
ta
ge
ch
an
ge
in
su
sc
ep
tib
ili
ty
m
ea
su
re
d
ac
ro
ss
pa
la
eo
in
te
ns
ity
de
te
rm
in
at
io
n.
R
es
ul
ts
of
re
ﬂe
ct
ed
lig
ht
m
ic
ro
sc
op
y
ar
e
al
so
pr
es
en
te
d
w
ith
po
lis
he
d
sa
m
pl
es
ob
se
rv
ed
pr
e
an
d
po
st
he
at
in
g
fo
rs
ig
ns
of
m
in
er
al
al
te
ra
tio
n.
D
om
ai
n
T
he
rm
om
ag
ne
tic
C
ur
ie
R
eﬂ
ec
te
d
lig
ht
Pi
lo
t
D
ec
is
io
n
A
ve
ra
ge
%
ch
an
ge
Fl
ow
un
it
M
rs
/M
r
H
cr
/H
c
st
at
e
be
ha
vi
ou
r
Te
m
pe
ra
tu
re
m
ic
ro
sc
op
y
Pa
la
eo
in
te
ns
ity
Y
es
/N
o
ba
se
d
on
in
ro
om
te
m
p
re
ve
rs
ib
le
[a
]t
o
±1
0
◦ C
[*
’s
=
m
in
or
yi
el
de
d
ro
ck
m
ag
an
d
su
sc
ep
tib
ili
ty
ir
re
rv
er
si
bl
e
[d
]
al
te
ra
tio
n]
va
lu
es
pi
lo
tp
al
ae
in
te
si
ty
su
sc
ep
tib
ili
ty
C
m
1[
n]
0.
25
1.
67
PS
D
c
57
0
-
Y
es
Y
es
5.
3
C
m
2[
a]
0.
24
2.
01
PS
D
a
64
9
A
lte
ra
tio
n
Y
es
N
o
17
.1
C
m
3[
h]
0.
13
1.
86
PS
D
d
58
9
*
Y
es
N
o
31
.3
C
m
4[
e]
0.
17
2.
24
PS
D
a/
b
57
9
-
Y
es
Y
es
53
.3
C
m
5[
m
]
0.
13
2.
71
PS
D
a
59
0
-
Y
es
Y
es
33
.8
C
m
6[
i]
0.
19
2.
09
PS
D
a
57
1
A
lte
ra
tio
n
Y
es
?
4.
4
C
m
7[
i]
0.
18
2.
39
PS
D
c
60
0
A
lte
ra
tio
n
Y
es
?
17
.1
C
m
10
[h
]
0.
1
2.
72
PS
D
b
57
9
A
lte
ra
tio
n
Y
es
?
23
.3
C
m
11
[e
]
0.
08
5.
21
M
D
a
58
0
A
lte
ra
tio
n
Y
es
N
o
12
.1
C
m
12
[w
]
0.
37
1.
74
PS
D
a
59
0
-
Y
es
Y
es
0.
7
C
m
15
[q
]
0.
68
1.
26
SD
b
57
0
-
Y
es
Y
es
31
.6
C
m
16
[f
]
0.
18
2.
15
PS
D
a
60
0
*
Y
es
?
13
.5
C
m
17
[i
]
0.
23
2.
35
PS
D
d
62
9
A
lte
ra
tio
n
N
o
N
o
48
.8
C
m
18
[g
]
0.
14
2.
09
PS
D
b
56
9
-
Y
es
Y
es
6.
0
192
6.7.2 Palaeointensity through time
Following the reliability criteria outlined above, the data from ﬁve sites are considered as being accurate rep-
resentations of the strength of the magnetic ﬁeld in the early Cretaceous [Cm1, Cm6, Cm7, Cm12 and Cm18;
Table 6.3]. The relative values obtained for the ﬂows show no clear temporal trend through the province to
either weaker or stronger palaeoﬁelds, although no reliable values were obtained for the central portion of the
stratigraphy [Fig. 6.15]. A signiﬁcant jump in intensity can be noticed between Cm12 and Cm18 in the lower-
most part of sampled stratigraphy with only a small stratigraphic separation. This suggests that ﬁeld strength
variability may have been high during this period, despite the absolute intensities gained in this study showing
values consistently lower than present Earth’s ﬁeld [PEF] [Fig. 6.15]. The ﬁve accepted units from the 14
sampled ﬂows provide a mean VDM of 2.5 ± 1.0 x 1022 Am2, which equates to only ≈ 30% of PEF. Including
the omitted ﬂows [Cm4, Cm5, Cm10, Cm15 and Cm16] alters the mean very little, giving instead a value of 2.0
± 1.0 x 1022 Am2. This may suggest that stringent criteria and numerous checks may result in the exclusion of
what is actually reliable data.
6.7.3 Comparison with literature
The PINT and MaGIC databases [Tauxe and Yamazaki, 2007, Biggin et al., 2009, Biggin et al., 2010] were
used to collate data both from the Parana´ volcanics in South America and from studies from further aﬁeld of
similar age [i.e. within the interval 120 Ma to 135 Ma], that had been obtained using the widely accepted
Thellier based technique including pTRM checks. These previous studies, when compared and combined with
the mean value obtained in this study, support a low ﬁeld strength prior to the onset of the CNS [Fig. 6.15],
[Pick and Tauxe, 1993, Sakai et al., 1997, Kosterov et al., 1998, Zhu et al., 2001, Goguitchaichvili et al., 2002a,
Zhu et al., 2003, Zhu et al., 2004, Ruiz et al., 2006, Goguitchaichvili et al., 2008, Ruiz et al., 2009, Mena et al.,
2011, Shcherbakova et al., 2011 and references in Tauxe [2006]]. Given that the time preceding the CNS is also
a time of frequent magnetic reversals, the high concentration of studies producing palaeointensities dominated
by values of low magnitude, would seem to support a link between high reversal rates and lower ﬁeld strengths.
The onset of the CNS at 120.6 Ma [Gee and Kent, 2007] occurs shortly after Parana´ – Etendeka volcanism and
low values seem consistent up until the onset of the superchron. If magnetic ﬁeld strength does follow a change
between a turbulent and hyperactive geodynamo state and a subsequent stable state, low values so close to the
CNS would suggest this transition occurs rapidly. However, for a rapid transition, palaeointensities obtained
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from the early CNS would also need to rapidly indicate a strengthened ﬁeld. Evidence of such a rapid state
change would thus be needed within studies of rocks in the period marking the initial onset period of the CNS
[c. 120-100 Ma].
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Figure 6.15: [a] Calculated site mean virtual dipole moments [VDMs] plotted against their stratigraphic positions illus-
trating the time varying changes of ﬁeld intensity with accepted values [i.e. those used in calculating the mean] in black
and those considered unreliable in grey. The dashed line represents the unconformity. [b] The new VDM [represented
by a hollow symbol] is presented alongside other estimates of similar ages. The mean VDMs [black ﬁlled symbols] and
VADMs [grey ﬁlled symbols] from the following studies: Pick and Tauxe [1993], Sakai et al. [1997], Kosterov et al.
[1998], Zhu et al. [2001], Goguitchaichvili et al. [2002a], Zhu et al. [2003], Zhu et al. [2004], Ruiz et al. [2006], Gogu-
itchaichvili et al. [2008], Ruiz et al. [2009], Mena et al. [2011], Shcherbakova et al. [2011] and those references within
Tauxe [2006] are plotted as circles [mean of < 5 individual results] or squares [mean of ≥ 5 individual results] for com-
parison [associated standard deviations used as error bars]. Present Earth’s ﬁeld [PEF] is indicated by a dashed line.
[c] The approximate distribution of the individual ﬂow VDMs based upon the relative position of these sites within the
stratigraphy and using the associated magnetostratigraphy of Chapter 5 as a time-frame.
The PINT database [Biggin et al., 2009, Biggin et al., 2010] was again used to collate values obtained across
this time [Pick and Tauxe, 1993, Sakai et al., 1997, Zhu et al., 2001, Riisager et al., 2003, Zhu et al., 2003, Zhu
et al., 2004, Ruiz et al., 2006, Shcherbakova et al., 2011 and those within Tauxe [2006]]. When palaeointensity
values from pre and post-CNS onset are compared, no indication of a jump in ﬁeld strength is observed [Fig.
6.16]. This may suggest that ﬁeld strength is not closely linked to reversal frequency, or that despite the change
to a stable state, ﬁeld strength does not rapidly recover but increases more slowly. Thus, the ﬁeld may not have
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reached the higher values obtained by, for example, Tauxe and Staudigel [2004], until later in the CNS rather
than at or during the initial onset of stability. These observations clearly indicate the need for further studies
of ﬁeld strength, speciﬁcally within the early/central portion of the CNS in order to establish how, or indeed
whether, ﬁeld strength was built up or varied during this long normal polarity event. Long term studies of ﬁeld
variability would therefore also beneﬁt greatly from further studies of intervals where similar transitions, i.e.
between high frequency reversals and subsequent long periods of stability, can be seen, in order to establish if
any correlations can be made between similar transitions but of varying age.
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Figure 6.16: Here, data from the studies of Pick and Tauxe [1993], Sakai et al. [1997], Kosterov et al. [1998], Zhu et al.
[2001], Goguitchaichvili et al. [2002a], Zhu et al. [2003], Zhu et al. [2004], Ruiz et al. [2006], Goguitchaichvili et al.
[2008], Ruiz et al. [2009], Mena et al. [2011], Shcherbakova et al. [2011] and those references within Tauxe [2006] from
pre and post CNS onset are presented. Mean VDMs [solid symbols] and VADMs [hollow symbols] based on<5 estimates
are represented by square symbols while mean values based on ≥ 5 are represented by circular symbols. The grey bar
indicates the area where the majority of the study mean values fall, both before and after CNS onset. No jump or obvious
variation in ﬁeld strength can be noted across this transition.
6.8 A cautionary note
Until now the palaeointensity values obtained have been considered to be accurate representations of Earth’s
ﬁeld at the time of the early Cretaceous. However, it is important to consider the intrinsic variability of palaeoin-
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tensity that is not restricted to long time-frames but that is also evident across shorter time-scales. If the record
of palaeointensity is considered for only the last 0.3 Ma, it can be seen that the measured values vary enor-
mously across this time, and that the density of measurements within this period is much higher than for the
rest of Earth’s history [Selkin and Tauxe, 2000]. This sampling bias should be carefully considered when
interpreting past variations in ﬁeld strength because the more limited number of measurements available for
times in Earth’s past mean those values cannot be deﬁnitively taken as representative of the ﬁeld at that time.
Without much larger data sets, because of the considerable sampling bias, it is therefore difﬁcult to draw robust
and reliable conclusions about changes in ﬁeld strength in the past because single measurements may not be
representative of the ﬁeld’s average value at the time in question.
6.9 Future studies
6.9.1 Earth’s magnetic ﬁeld
Earth’s magnetic ﬁeld is time varying: its polarity reverses without any periodicity, its strength varies and some
also suggest the characteristics of palaeosecular variation change too. Further studies of the past characteristics
of Earth’s magnetic ﬁeld are therefore paramount in helping to establish the long-term evolution of this ﬁeld
and, in doing so, also provide a rare source of information relating to Earth’s core and mantle. Such studies need
to include measurements of palaeointensity alongside directional based studies, in order to fully characterise
any variation through time. The number of reliable palaeointensity measurements needs to drastically increase
before the record can be truly considered to reﬂect the true variation of ﬁeld strength through time.
6.10 Concluding remarks
• New, robust, palaeointensity values with a mean virtual dipole moment of 2.5 ± 1.0 x 1022 Am2 support
low ﬁeld intensities prior to the Cretaceous normal superchron, with evidence of low values persisting
right up until onset of this superchron.
• These values add crucial data to the limited southern hemisphere database, although more globally-
distributed palaeointensity determinations are clearly required to fully characterize the variations in the
Earth’s magnetic ﬁeld through time.
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• This new data, when combined with other published data, suggests that any change from low to high ﬁeld
strength occurs after the onset of the CNS.
• At present, values spanning the onset of the CNS suggest no jump in ﬁeld strength across the transition.
This may suggest either no link between intensity and reversal frequency or a ‘sluggish’ response of ﬁeld
intensity to any change in reversal frequency.
• Further palaeointensity estimates from the early CNS are needed to establish the true time-frame of any
increase in ﬁeld intensity.
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Chapter 7
Conclusions
Two primary objectives were introduced at the beginning of this thesis in Chapter 1. Here, a ﬁnal summary of
the results of this research, which have been published as two individual peer reviewed papers, are presented.
Possible areas and directions for future research are also outlined.
7.1 The duration and nature of Parana´ – Etendeka volcanic acitvity
Detailed magnetostratigraphic sections were sampled across the main Etendeka province, Namibia. The units
sampled in these sections were correlated using a combination of ﬁeld relationships, and ICP-AES and XRF
compositional classiﬁcations when needed. It was found that 16 individual polarity chrons were recorded by
the main sampled series of the Etendeka, a number considerably higher than previously suggested [e.g., Renne
et al., 1996b]. The resulting magnetostratigraphy was then pinned to the geomagnetic timescale of Gee and
Kent [2007] using the available absolute ages of Renne et al. [1996b] following adjustment to the standard ages
of Renne et al. [2010]. Etendeka volcanism was thus found to span a period of ≈ 4 Myrs. This 4 Myr period
is towards the upper limit of what is normally considered the time-frame for large igneous province extrusion;
many other large igneous provinces have been shown to have had the bulk of their volume emplaced during
only a brief 1 Myr period of high volcanic ﬂux and subsequently high volatile ﬂuxes, e.g., Deccan volcanism
[Chenet et al., 2008].
Alongside these primary analyses, directional group analyses were conducted on all continuous sections sam-
pled. This revealed only two minor directional groups accounting for only ≈ 50 m of the total accumulated
thickness. This distinct lack of directional groups that account for large proportions of the volcanic stratigraphy,
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suggests that Etendeka volcanism was not extruded in a series of intense voluminous pulses, but was instead
sporadic in nature. The lack of the directional groups commonly found in provinces where the environmental
consequences were severe, suggest long periods of quiesence were likely to follow each ﬂow. This would act
to prevent any cumulative build up of volatiles or climate effects and allow recovery of both the climate and the
biosphere in the intervening time between ﬂows. Given these periods of quiesence, for the Parana´ – Etendeka to
have caused an extinction, a single ﬂow would need to be responsible. This ﬂow, alone, would have had to re-
lease enough volatiles, particularly SO2, to cause environmental variation of large enough magnitude and over
a sustained period, to stress the biosphere enough to collapse. Estimates of individual ﬂow releases suggest this
to be unlikely and although a single ﬂow could have some impact on climate, similar to those observed follow-
ing the eruptions of Toba and Laki, the magnitude of this would be too small and the effects too short-lived to
cause a global collapse of the biosphere. This extended overall duration and period of extrusion, accompanied
by the long periods of quiesence between individual ﬂows and the lower available volatiles suggested by Cal-
legaro et al. [2014], all help to provide a possible explanation for the poor environmental effects that follow the
eruption of the Parana´ – Etendeka when compared to those following other large igneous provinces of similar
size.
7.1.1 Future research
Given the differences in composition, nature and duration noteable when considering all known large igneous
provinces, it seems unlikely that a single, unique, explanation governs all large igneous provinces in determin-
ing the potential of these eruptions for major environmental and biospheric disruption. Studies of individual
large igneous provinces including: the nature of the volcanic activity, the composition of the source magma,
the country rock into which portions intrude, and especially the LIP speciﬁc available volatiles [primary and
secondary], are therefore needed to determine the individual potential/ability of each province to impact upon
Earth’s climate and biosphere.
Given the ever increasing precision possible using radiometric dating, gaining new absolute ages of both large
igneous provinces and of the extinction events or ocean anoxia to which they have been related, could also help
to resolve the debate surrounding the postulated link between these events.
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7.2 Field strength during Etendeka activity and leading up to the Cretaceous
normal superchron
A series of new palaeointensity values, with a mean value of 2.5 ± 1.0 x 1022 Am2, were gained for samples
spanning the duration of Etendeka volcanism. These values support a low ﬁeld strength in the time leading up
to the onset of the Cretaceous normal superchron [CNS] which contrasts with the higher ﬁeld strengths that
have been recorded during the CNS itself [e.g., Tauxe and Staudigel, 2004]. These low ﬁelds, which appear
to persist right up to the onset of the CNS, when considering all available data, suggest that any increase in
ﬁeld intensity must occur post CNS onset. Considering all of the available data spanning the onset of the CNS
it can be noted that no jump in intensity is suggested on crossing into the CNS. This may argue against the
proposed link between the frequency of magnetic reversals and ﬁeld intensity but it could also suggest that
the response of ﬁeld intensity to any change in reversal frequency is a slow one and that the increase in ﬁeld
strength is gradual rather than instantaneous. For any real suggestions to me made, however, we must await
further palaeointensity determinations obtained from rocks that span the older portions of the CNS. Alongside
this, given the number of existing studies, any ﬁeld strengths obtained may not represent the average ﬁeld at the
time, rather a short-term ﬂuctuation, due to the strong sub-sampling of Earth’s ﬁeld, that’s if the ﬁeld strength
variation that has been noted in recent years is considered.
7.2.1 Future research
Future research should therefore concentrate on obtaining reliable and robust palaeointensity values spanning
the whole of Earth’s history and of course across the CNS in order to establish the nature of any change in
intensity that occurs post onset. Similar studies of palaeointensity during other times in Earth’s history where
the ﬁeld has changed in nature would also allow comparisons and help determine the long term variability of
Earth’s magnetic ﬁeld, with any new reliable palaeointensity studies adding to the total data available.
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APPENDICES
APPENDIX A
The location maps for all sites sampled for geochemical analyses by ICP-AES, including the basaltic units,
with the exception of Et2 and Na29 the locations of which are shown within Chapter 3. This is accompanied
by the full major element tables with the accompanying trace element values for Y and Zr used in the basalt
differentiation graph in Chapter 3. Data tables contain raw un-normalised data, but iron is still presented as
FeO. XRF tables are also presented.
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APPENDIX B
The rock magnetic data presented in Chapter 4 and conducted alongside the magnetostratigraphy. Curie temper-
atures were all calculated using the second-derivative method with a ﬁxed running average of 5 for consistency
[Tauxe, 1998]. Curie temperatures suggested within the ﬁrst 10◦of measurement were excluded [i.e. of 100-
110◦C].
Table 4: Rock magnetic data - magnetostratigraphy
Sample Bcr Bc Mrs Ms Bcr/Bc Mrs/Ms TC1 TC2
mT mT mT mT ±10 [◦C] ±10 [◦C]
Et1c 22 5.6 0.006 0.07 3.9 0.09
Et2i 15 4.2 0.005 0.06 3.6 0.09
Et4a 39 18 0.003 0.01 2.2 0.3
Et8b 17 1.4 0.003 0.2 12.0 0.02
Et5b 26 13 0.05 0.2 2.0 0.2
Et11c 18 5.3 0.005 0.05 3.5 0.1
Et9d 36 16 0.04 0.2 2.3 0.2
Et12f 33 14 0.02 0.1 2.4 0.2
Et17b 53 23 0.04 0.2 2.3 0.2
Et18f 52 17 0.006 0.03 3.0 0.2
Et20d 57 25 0.02 0.07 2.3 0.2
Et24d 24 12 0.004 0.02 2.1 0.2
Fa6b 36 17 0.03 0.1 2.1 0.2
Fa11c 47 26 0.05 0.2 1.8 0.3
Na15g 39 18 0.006 0.04 2.2 0.2
Na21e 30 17 0.006 0.02 1.8 0.3
Na30e 35 18 0.03 0.2 2.0 0.2
Pr2 17 7.0 0.009 0.06 2.5 0.1
Pr4a 39 18 0.02 0.09 2.2 0.2
Pr3c 16 5.7 0.01 0.1 2.8 0.1
Continued on next page...
...continued from previous page
Sample Bcr Bc Mrs Ms Bcr/Bc Mrs/Ms TC1[◦C] TC2[◦C]
mT mT mT mT ±10 [◦C] ±10 [◦C]
Pr14b 46 16 0.01 0.06 3.0 0.2
Pr15b 20 7.1 0.02 0.2 2.9 0.1
Pr16d 39 19 0.01 0.04 2.0 0.3
Pr17c 33 17 0.03 0.1 1.9 0.2
Pr18b 90 55 0.009 0.02 1.6 0.5
Pr19c 51 25 0.01 0.05 2.1 0.3
Tg1j 98 44 0.04 0.09 2.2 0.4
Tg4b 81 38 0.03 0.08 2.1 0.4
Tg5a 60 26 0.03 0.1 2.3 0.3
Tg6c 29 17 0.05 0.3 1.7 0.2
Tg7f 150 120 0.08 0.1 1.2 0.7
Tg10e 33 19 0.001 0.004 1.7 0.4
Tg11a 66 30 0.02 0.07 2.2 0.3
Tg12c 33 18 0.001 0.004 1.8 0.3
Tg13a 38 18 0.03 0.1 2.1 0.3
Tg14d 22 12 0.05 0.3 1.9 0.1
Tg15c 41 19 0.01 0.05 2.1 0.2
Et15a 84 35 0.01 0.03 2.4 0.4
Pr1f 15 6.2 0.01 0.1 2.4 0.1
Tg8e 68 32 0.04 0.1 2.1 0.4
Na2a 13 5.7 0.006 0.06 2.3 0.1 510
Na4b 33 13 0.001 0.004 2.6 0.3 620
Na5h 31 13 0.002 0.01 2.3 0.2 590
Na6h 48 24 0.003 0.01 2.0 0.2 580
Na7b 20 8.1 0.006 0.05 2.4 0.1 560
Na8j 35 20 0.004 0.01 1.8 0.3 310 640
Continued on next page...
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...continued from previous page
Sample Bcr Bc Mrs Ms Bcr/Bc Mrs/Ms TC1[◦C] TC2[◦C]
mT mT mT mT ±10 [◦C] ±10 [◦C]
Na9f 39 18 0.004 0.01 2.1 0.3 580 620
Na10a 24 7.8 0.008 0.07 3.0 0.1 570
Na11f 31 13 0.006 0.04 2.4 0.2 560
Na12b 39 17 0.005 0.03 2.2 0.2 560
Na13g 55 26 0.001 0.005 2.1 0.3 300 580
Na14k 45 21 0.002 0.01 2.1 0.2 550 580
Na16g 53 26 0.003 0.01 2.1 0.2 580
Na17e 48 25 0.004 0.02 1.9 0.24 570
Na18i 57 29 0.005 0.02 2.0 0.26 560
Na19i 46 22 0.003 0.01 2.1 0.27 370 590
Na22e 56 25 0.003 0.02 2.2 0.21 570
Na23e 43 24 0.002 0.005 1.8 0.3 550
Na24b 65 35 0.008 0.02 1.9 0.38 580
Na25d 24 12 0.002 0.008 2.1 0.23 630
Na27g 27 15 0.006 0.03 1.8 0.21 550
Na20a 62 29 0.1 0.5 2.1 0.27 560
Cm8a 22 4.8 0.006 0.08 4.7 0.07
Cm9i 24 6.8 0.007 0.07 3.5 0.1
Cm21i 37 14 0.003 0.02 2.8 0.15
Cm22h 44 20 0.002 0.008 2.1 0.28
Cm24a 56 26 0.02 0.07 2.2 0.28
Cm25f 34 16 0.02 0.08 2.1 0.23
Cm27f 27 13 0.01 0.06 2.1 0.19
238
APPENDIX C
Stereonets for all sampled sites with the exception of those where many samples disintegrated on heating, i.e.
Na3 and Et16. The site stereonets are orientated such that North faces the top of the ﬁgure, following text ori-
entation. Sample directions are represented by either ﬁlled symbols [positive inclinations] or hollow symbols
[negative inclinations]. The sample statistics for those used in site mean calculations are presented. Where
considered of importance, acompanying Zijderveld demagnetisation plots have been provided and on occasion
intensity plots during demagnetisation are also shown. For those sites which failed to show linear compo-
nents of magnetisation stereonets for individual sample demagnetisation may also be presented to highlight the
inconsistency of the directions being measured within an individual sample.
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Fa10 - Failed site
ChRM
Sample From  To Dec Inc Alpha 95
Fa10b No clear ChRM
Fa10c No clear ChRM
Fa10d No clear ChRM and incomplete demagnetisation
Fa10e No clear ChRM and incomplete demagnetisation
Fa10g No clear ChRM and incomplete demagnetisation
Fa10g
Stereonet of sample
direction during stepwise 
demagnetisation illustrating 
inconsistent directions
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APPENDIX D
Adujusted directional tables from Chapter 4: demagnetisation data was re-analysed using orientations taken
from sun compass directions rather than from magnetically derived orientations. This is true for all samples
with the exception of those obtained from handsamples where sun compass orientations were not possible (this
only affects the Awahab section as all sites from the Etaka section were drill oriented).
The Etaka subgroup
The individual site results of the palaeomagnetic analysis of the Grootberg and Bergsig sections are shown
in the table below using only sun compass derived directions rather than the magnetically derived directions.
Taken as a whole the grouped data from the Grootberg and Bergsig sections passes both the McFadden and
Lowes [1981] and the McFadden and McElhinny [1990] reversal tests [Grade C: δc = 14.26, δo = 11.22].
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The Awahab subgroup
The individual site results of the palaeomagnetic analysis of the Messum, Tafelkop, Fonteine and individual
sites are shown in the table below using only sun compass derived directions rather than the magnetic directions,
with the exceptions of the sampling sites where handsamples rather than ﬁeld oriented cores were collected.
Taken as a complete section this data passes both theMcFadden and Lowes [1981] and the McFadden and
McElhinny [1990] reversal tests reversal tests [Grade C: γc = 11.16, δo = 9.13].
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